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SCOPE 


The  scope  of  the  ntudy  was  defined  by  the  following  assumptions: 

(1)  Power  systems  were  to  have  a  minimum  output  equivalent  to 

5  kw  and  no  limited  maximum  output  except  that  imposed  by  the 
availability  of  conventional  conac^rcial  components.  Power 
systems  smaller  than  5  kw  and  also  all  of  those  that  use 
unconventional  devices  such  as  fuel  cells  and  thermoelectric 
BK>dules  are  the  subjects  of  separate  studies  conducted  by 
other  OCD  contractors. 

(2)  A  period  of  10  years  was  selected  as  a  reasonable  time  in  which 
the  shelter  might  be  expected  to  be  on  "stand-by".  It  was 
assumed  that  period  would  be  followed  by  a  two-week  occupancy 
period.  During  the  first  24  hours  of  occupancy,  the  shelter 
might  have  to  be  completely  isolated  from  the  outside  atmosphere. 
These  operational  periods  represent  a  reasonable  estimate  ;  t 
what  might  actually  occur;  however,  their  se'.ctlon  Is  not 
intended  to  imply  that  tnese  are  the  most  representative  periods 
which  could  be  selected. 

(3)  To  make  the  results  of  the  study  as  broadly  applir>'''le  as 
possible,  it  was  assumed  t'l.ut  the  shelter  could  be  located  any¬ 
where  in  the  United  States. 


OBJECTIVES 


Because  of  the  variety  of  power-system  components  available  to  a 
shelter  designer  and  because  of  the  nonstandard  operating  conditions,  it  is 
necessary  for  OCD  to  determine  the  effects  of  these  nonstandard  conditions 
on  component  performance  and  to  develop  the  criteria  and  parameters  for  the 
design,  installation,  operation,  and  maintenance  of  auxiliary  power  systems 
including  supporting  equipment. 
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The  objectives  l. f  this  research  program  were,  therefore: 

(1)  To  determine  the  most  appropriate  types  of  power  systems 
for  various  shelter  systems 

(2)  To  define  the  requirements  of  design,  installation,  and 
maintenance  of  the  power  system  and  its  auxiliaries 

(3)  To  demonstrate  the  operating  capabilities  of  a  power  unit 
under  representative  environmental  conditions. 


APPROACH 


The  research  program  was  divided  into  four  general  categories; 

(1)  Evaluation  of  prime  movers 

(2)  Evaluation  of  power-utilization  systems 

(3)  Development  of  requirements  for  installation,  operation,  and 
maintenance  of  complete  systems  including  supporting  equipment 

(4)  Demonstration  of  the  validity  of  the  recommended  specifications 
by  designing  and  assembling  a  20-lcw  unit  and  operating  it  in  an 
underground  structure. 

In  conducting  the  research,  literature  studies  were  made  in  the 
various  areas  of  interest,  and  design  and  perfor-^ance  data  on  manufacturers' 
aquipment  were  studied.  Numerous  persons  with  experience  pertinent  to  die  study 
ware  consulted.  Components  and  systems  believed  most  suitable  for  use  in 
COnmunity  shelters  were  analyzed  and  compared.  Finally,  an  experimental  investi¬ 
gation  was  carried  out  in  t'^e  Batt.elle  underground  testing  facility. 


RESULTS  AND  CONCLUSIONS 


The  results  of  this  study  show  that  the  minimum  requirements  for 
Installation,  operation,  and  maintenance  of  shelter  auxiliary  power  systems 
can  generally  be  met  with  commercially  available  equipment  now  in  common 
Industrial  use.  However,  a  number  of  technological  areas  were  revealed  In 
which  the  presently  available  equlpm»’nt  and  experience  are  limited  in  meeting 
the  specific  needs  of  community  shelters.  These  areas  are: 

(1)  Sealed-period  operation  of  a  prime  mover 

(2)  Manually  operated  starting  systems  requiring  no  maintenance 

(3)  Low-cost  preservation  and  storage  techniques  for  fuels  and 
equipment  requiring  minimum  reactivation 

(4)  Low-cost  waste-heat  recovery  equipment. 
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Because  of  the  Importance  of  these  subjects  in  the  over-all  cotamunity  shelter 
program,  Battelle  recommends  that  further  research  be  conducted  to  determine 
feasible  and  practical  solutions  to  the  unsolved  problems. 


SYNOPSIS 


The  Office  of  Civil  Defense  initiated  and  supported  this  research 
program  as  part  of  its  effort  to  develop  designs  of  community- size  protective 
shelters  that  have  maximum  ccst  effectiveness.  The  program  had  as  Its  over-all 
objective  the  determination  of  the  minimum  requirements  for  auxiliary  power 
systems  that  might  be  Installed  in  various  types  of  shelters  anywhere  in  the 
United  States.  The  criteria  developed  in  the  study  are  to  be  used  in  the 
preparation  of  manuals  for  shelter  construction. 

Community-size  shelters,  designed  to  accommodate  large  numbers  of 
occupants,  must  be  provided  with  power  for  essential  services  such  as  cooking, 
communications,  lighting,  pumping,  and  environmental  control.  To  ensure  avail¬ 
ability  of  power  during  an  emergency,  it  will  be  necessary  to  include  a  self- 
contained  auxiliary  power  system  as  part  of  the  permanent  shelter  equipment 
since  commercial  power  is  likely  to  be  disrupted. 

The  shelter  designer  has  a  wide  range  of  commercial  equipment  from 
which  to  select  the  system  components  which  would  be  most  suitable  for  a 
specific  installation.  Commercially  available  prime  movers  include  compression 
ignition  and  spark- ignition  engines,  gas  turbines,  and  steam  generator-steam 
engine  or  turbine  combinations.  Any  of  these  prime  movers  can  be  used  to  drive 
electric  generators,  air  compr«‘8Sor8 ,  or  hydraulic  pumps,  which  in  turn  can 
power  the  various  shelter  subsystems.  Major  items  of  shelter  equipment  such 
as  blowers  and  cooling  systems  can  also  be  driven  directly  by  the  prime  mover 
with  the  addition  of  a  small  electric  generator  to  supply  power  for  lights  and 
for  other  low-power  equipment  dependent  exclusively  on  electricity. 

Shelter  power  systems  can  be  assembled  largely  from  conventional 
commercially  available  components.  However,  because  of  i.ne  circumstances 
under  which  shelter  power  systems  can  be  required  to  operate,  it  is  necessary 
to  give  special  consideration  to  such  factors  as  fuel  storage,  waste  heat 
removal  and  utilization,  safety,  reliability,  maintenance,  snd  noise  and 
vibration . 


The  report  is  divided  into  10  major  sections,  namely; 

(1)  Prime  movers 

(2)  Starting  systema 

(3)  Cooling 

(4)  Fuel  storage 

(5)  Waste  h«at  recovery 

(6)  Power  transmission  systems 
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(7)  Mountings  and  drives 

(8)  Noise  and  vibration 

(9)  Stand-by  maintenance 

(10)  Demonstration  unit. 


Prime  Movers 


The  prime-mover  types  studied  were:  compression-ignition  engines, 
spark- ignition  engines,  gas  turbines,  and  steam  power  systems.  Each  type  was 
evaluated  on  the  basis  of;  physical  characteristics;  performance,  control, 
installation  and  maintenance  requirements;  safety  and  human  comfort;  and  economics. 

The  steam  power  system  was  judged  Impractical  because  of:  high  first 
cost;  high  operating  cost;  high  maintenance  cost,  extra  space  requirements;  and 
complexity  of  equipment,  operation,  and  control. 


Starting  Systems 


Electric,  hydraulic,  pneumatic,  and  manual  starting  systems  were 
studied.  Each  was  evaluated  on  the  basis  of  physical  characteristics,  maintenance, 
dependability,  and  economics.  The  manual  starting  systems  Investigatec  were  of 
the  energy-storage  type  and  Included:  flywheel,  falling  weight,  and  spring-types . 

No  coraraerclal  versions  of  these  starting  systems  are  presently  avallab’e;  how¬ 
ever,  these  systems  show  potential  for  being  less  costly,  easier  to  maintain 
for  long  periods,  and  significantly  more  reliable  than  the  commercially  avail¬ 
able  starting  systems. 

The  use  of  starting  aids  such  as  engine-block  and  oil-sump  heaters 
and  starting  fluids  for  tne  Intake  air  were  also  considered.  These  starting 
aids  would  be  useful  under  most  conditions  to  improve  the  dependability  of 
starting . 


Cooling 


Direct  make-up-water,  heat-exchanger,  radiator,  and  ebullient  cooling 
systems  were  studied.  Each  was  evaluated  on  the  basis  of  physical  characteristics, 
installation,  maintenance,  dependability,  water  or  air  consumption,  and  economics. 

Ventilation  of  the  engine  room  to  remove  heat  lost  from  the  engine 
and  other  components  by  radiation  will  be  essential.  These  losses  may  ’ 3  up  to 
half  as  much  as  the  Jacket-water  cooling  losses.  Ventilating  the  engine  room 
with  exhaust  air  from  the  occupied  section  of  the  shelter  may  be  possible  and 
would  be  desirable  in  that  a  minimum  of  additional  equipment  would  be  required. 

Gas  turbines  require  no  Jacket-water  cooling  system  and  are  likely  to 
radiate  no  more  heat  to  the  engine  room  ventilating  air  than  piston  engines. 
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Fuel  Storage 


The  storage  capabilities  of  the  following  fuel  types  were  evaluated: 
90-octane  gasoline,  straight-run  kerosine,  No.  2  diesel  oil,  and  liquefied 
petroleum  gas  (LPG) . 

All  fuels  deteriorate  in  storage  to  some  decree,  dependent  on  the 
type  of  fuel,  the  storage  conditions,  and  the  length  of  storage  time.  The 
primary  causes  of  deterioration  in  fuels  are;  evaporation,  oxidation,  con¬ 
tamination,  and  polymerization.  Any  fuel-storage  technique  which  inhibits  any 
of  these  will  increase  the  storage  life  of  the  fuel.  Fuel  deterioration  can  be 
detrimental  in  reducing  ignition  and  burning  qualities  of  the  fuel,  increasing 
corrosion  in  the  fuel  system,  increasing  clogging  and  fouling  in  the  fuel  system, 
and  Increasing  contmaination  of  the  lubricating  oil. 

Two  basically  different  fuel-storage  trchniques  may  be  followed; 
active  storage  and  long-term  storage.  In  an  active  fuel-storage  program  a  fuel 
would  be  replaced  or  replenished  at  regular  intervals,  and  the  storage-system 
requirements  would  be  relatively  uncritical.  In  a  long-term  fuel-storage 
program,  the  storage  system  would  be  designed  to  preserve  the  fuel  for  the 
longest  possible  period  of  time.  For  an  active  fuel-storage  system  a  simple 
vented  tank,  either  above-ground  or  (preferably)  underground,  would  be  suitable. 

A  sealed  underground  tank  would  significantly  increase  the  potential  storage  life 
of  most  fuels  and  would  be  suitable  for  a  long-term  fuel-storage  system.  Adding 
a  pressurized  nitrogen  "blanket"  to  the  sealed  storage  tank  would  further  increase 
storage  life. 


Waste  Heat  Recovery 


All  conventional  priote  movers  convert  only  part  (up  to  about  1/3)  of 
the  total  fuel  energy  supplie^l  to  useful  shaft  work,  the  remainder  being  rejected 
as  waste  heat  to  the  cooling  and  exhaust  systems  or  lost  as  radiation.  For 
piston  engines  the  amounts  of  waste  heat  in  the  coolant  and  in  the  exhaust  gases 
are  each  approximately  equivalent  to  the  shaft  power  output.  For  regenerative 
gas  turbines  the  exhaust  waste  heat  is  approximately  2-1/2  times  the  shaft  power 
output . 


The  waste  heat  from  the  cooling  system  can  be  fairly  easily  recovered 
either;  (1)  as  hot  water  from  a  water-to-water  heat  exchanger  or  from  the 
Jacket  water  directly,  or  (2)  as  low-pressure  steam  and/or  hot  water  directly 
from  the  steam  separator  tank  of  an  ebullient  cooling  system.  Only  about 
60  to  80  per  cent  of  the  exhaust  waste  heat  la  recoverable  because  of  the  danger 
of  corrosion  in  the  exhaust  system  If  the  gases  are  cooled  below  300  F.  Waste 
heat  recovered  from  the  exhaust  system  can  be  made  available  as  hot  water  or  as 
high-  or  low-pressure  steam. 

Recovery  of  waste  hea'.  for  use  In  providing  a  hot-water  supply  or  for 
space  heating  is  practical  wher  there  la  a  reaaonable  demand  for  these  services 
In  the  shelter.  It  is  more  ad*  antageoua  to  recover  waste  heat  from  the  cooling 
system  because:  (1)  less  extr  >  equiptsent  it  needed,  (2)  the  exhaust  waste  heat 


1  easily  rejected  from  the  shelter,  and  (3)  there  is  a  danger  of  overheating  and 
corrosion  with  an  exhaust  heat-recovery  system  that  does  nor  exist  with  a  cooling 
water  heat-recovery  system. 


Recovery  of  waste  heat  for  shaft  power  Is  not  practical  because  of  the 
cost  and  complexity  of  the  extra  equipment  required. 


Power  Transmission  Systems 


Mechanical,  electric,  hydraulic,  and  pneumatic  power- transmission 
systems  were  studied.  Each  was  evaluated  on  the  basis  of  physical  characteristics, 
over-all  efficiency.  Installation  and  maintenance  requirements,  reliability, 
safety  and  human  comfort,  and  economics.  The  mechanical,  hydraulic,  and 
pneumatic  systems  all  require  a  small  electric  generator  to  supply  the  lighting 
and  communications  requirements  of  the  shelter.  The  electric  power-transmission 
system  has  an  advantage  in  that  it  can  be  more  easily  integrated  into  a  commercial 
power  system  for  independent  exercising  of  individual  compoi.cnts,  for  potential 
use  of  the  shelter  space  during  the  stand-by  period,  and  for  use  of  commercial 
power  If  it  is  available  in  an  emergency. 


Mountings  and  Drives 


Five  items  to  be  considered  In  designing  or  selecting  mountings  and 
drives  are:  (1)  alignment,  (2)  vibration,  (3)  piping  connections,  (4)  load 
characteristics,  and  (5)  blast  effects.  Mounting  and  drive  components  should 
be  selected  to  prevent  annoying  or  destructive  vibration  from  developing  within 
the  mounted  components  and  from  being  transmitted  to  or  from  other  parts  of  the 
shelter . 


Applicable  moulting  techniques  are  foundation  mounting  or  skid  iTKJuntlng, 
and  flexible  or  rigid  mounting.  Flexible  skid  mounting  is  preferable  for 
consminlty  shelter  auxiliary  power  systems  as  it  would  result  in  acceptable 
component  alignment,  minimum  vibration  transmission  and  low  installation  cost. 

Of  the  applicable  drive  techniques,  a  flexible  direct-coupling  drive 
is  preferable  for  community-shelter  auxiliary-power  systems  as  it  would  be 
compatible  with  skid  mounting  and  would  function  with  a  minimum  of  vibration 
transmission.  A  clutch  is  necessary  when  the  driven-component  starting  torque 
Is  high  or  when  the  prime  mover  and  driven  component  shafts  muit  be  rotated 
Independently . 


Noise  and  Vibration 


Reliable  and  useful  data  on  the  nolae  generation  characteristics  of 
prime  movers  are  not  presently  available.  However,  from  general  experience  and 
limited  test  measurements  made  at  actual  installations  and  in  the  Battel le  test 
facility  It  is  apparent  that  some  noise  control  measures  will  be  required  with 
most  prlsw  movers.  However,  the  noise  problem  should  not  be  difficult  to  solve. 
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The  <;hief  sources  of  noise  from  prime  movers  are  vibrating  surfaces 
and  atrcdynamic  pulsatio’as .  Control  of  this  noise  can  be  effected  in  the 
followlnp,  vays: 

(1)  Careful  selection  of  the  prime  mover  and  it?  auxiliary 
equipment 

(2)  Pro^rision  of  barriers  between  the  pritae  mover  and  the 
shelter  occupied  space 

(3)  Reduction  or  elimination  of  transmission  of  vibration  from 
the  source 

(4)  Use  of  sound  absorbing  materials  on  the  wells  and  ceiling 
of  the  cccupied  shelter  space 

(5)  Providing  "sound  trap"  air  ducts  when  noise  source  area 
and  occupied  space  must  be  connected  tor  ventilation. 

The  experimental  work  in  the  P.attelle  ..est  facility  Indicates  that 
chick  walls,  complete  closure,  and  sound-trap  ducting  would  be  effective  in 
redvicing  the  noise  reaching  the  occupied  apace  to  an  acceptable  level.  It 
was  also  noted  that  no  special  vibration  isolation  equipment  would  be  necessary 
to  prevent  annoying  engine  vibration  from  reaching  the  occupied  space .  The 
normal  construction  of  lutderground  shelters  would  be  adequate  to  dampen  the 
vibration. 


Stand-by  Maintenance 


Two  general  approaches  to  stand-by  maintenance  were  considered  in  this 
study;  dynamic  maintenance  and  static  maintenance.  Dynamic  maintenance  involves 
frequent  and  periodic  exercising  and  Inspection  and  is  employed  alnwst  universally 
for  conventional  emergency  stand-by  power  systems.  Static  maintenance  involves 
long-term  storage  with  infrequent  exercising  and  Inspection. 

Dynamic  maintenance  is  essential  If  instant  starting  and  load  assumption 
ts  required  in  the  event  of  cowDcrcial  power  failure.  The  procedures  for  dynamic 
ndintenance  are  fairly  well  established  from  experience.  K  minimum  frequency  of 
once  every  six  weeks  and  a  1  to  2  hour  full-load  run  are  ach'isabls.  Periodic 
changes  of  lubricants  and  coolant  are  necessary  to  preveuw  damage  or  inoperability 
due  to  time-dependent  deterioration  of  theae  liquids. 

Static  cvalnteuance  may  n>>i^ce8sltate  allowing  a  period  of  I  or  2  hours 
fer  reactivation  of  the  equipment.  During  reactivation  a  consaiunlty  shelter  could 
be  occupied  with  emergency  lighting  and  cofominlcatlons  supplied  by  long- shelf- 
life  battCTTles.  A  satisfactory  static  maintenance  technique  could  reduce  the 
long-term  malntenAnce  cuAts  of  a  conaminity  shelter  program  a  significant  amount. 
The  static  maintenance  program  would  require  toaintainlng  a  low  (30  to  35  percent) 
humidity  level  in  the  shelter,  keeping  liquids  that  tend  to  deteriorate  away 
from  ..oaponenta  which  may  be  easily  fouled  or  otherwise  rendered  Inoperable, 
and  coating  critical  surfaces  with  a  long-life  preservative. 
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Static  maintenance  techniques  presently  In  use,  such  as  "mothballing" 
of  surplus  military  equipment,  are  not  directly  applicable  to  the  community 
shelter  because  of  cost  and  the  time  required  (a  mlnisium  of  several  days)  to 
reactivate.  However,  the  available  experience  and  proven  techniques  are 
sufficiently  encourn'  Ing  to  Indicate  the  potential  feasibility  of  the  approach. 


Demonotrslion  Unit 


A  20-lcw  diesel  engine-generator  esc  was  esc  up  In  an  underground  test 
facility  to  experimenta..ly  verify  the  parameters  developed  in  this  study  in  a 
simulated  cooanunlty  shelter  environment.  The  same  unit  wue  also  used  to  evaluate 
the  performance  of  simple  exhaust  heat-recovery  systems. 

As  part  of  the  experimental  studies,  two  test  runs  were  m^de  to 
determine  the  system  heat  balance  and  to  measure  the  effect  vi  insulating  the 
exhaust  system.  For  one  run  the  exhaust  system  was  not  Insulated,  for  the  other 
run  1-ln. "thick  insulation  was  applied  to  the  exhaust  manifold  and  tubing  In  the 
engine  room.  The  test  results  effectively  demonstrated  that  insulating  the 
exhaust  system  reduced  the  amount  of  heat  rejected  to  the  cooling  system, 
ventilating  air,  and  walls,  thus  reducing  the  shelter  heat  sink  requirements. 

The  results  of  the  demonstration  program  verified  the  validity  of 
the  parsmecers  developed  in  the  study. 

Because  commercial  exhaust  heatorecovety  equipment  Is  costly,  several 
simple  configurations  were  studied  to  determine  their  effectiveness.  About 
80  per  cent  of  the  heat  in  the  exhaust  gases  is  recoverable  without  encountering 
exhaust  system  corrosion.  A  straight  3/4-in. -diameter  brass  tube  Installed 
in  the  exhaust  system  had  a  recovery  efficiency  of  17  per  cent.  A  colled  tube 
and  a  straight-finned  tube  both  3  ft  long,  had  recovery  efficiencies  of 
36  per  cent.  From  these  studies  it  can  be  concluded  that  simple.  Inexpensive 
exhauPt  beat-recofery  systems  are  effective  and  practical. 


Battelle  Memorial  Institute 


S05  KING  avenue  COLUMBUS.  OHIO  43201 

AREA  CODE  614.  TELEPHONE  299-3191 

July  29,  1964 


Office  of  Civil  Z>efen&e 
ilepartment  of  Defense 
The  Pentagon 
Washington  25,  D.  C. 

Attention  Director  for  Research 

Dear  Sir: 


Attached  is  our  Suia&ary  Report,  "Mlnimuin  Requirements  for 
Auxiliary  Power  Sys*'ems  for  Community  Shelters",  prepared  under  Contract 
No.  OCD-OS-62-190,  Subtask  1411C.  We  are  distributing  copies  of  this 
report  in  accordance  with  the  Shelter  Research  Program  Standard  Distri¬ 
bution  List.  Including  Attachment  1,  which  was  forwarded  t"'  us  by  the 
Deputy  Assistant  Director  for  Research. 

A  principal  result  of  this  study  is  the  conclusion  that  the 
minimum  requirements  for  installation,  operation,  and  maintenance  of 
shelter  auxiliary  power  systeTos  can  be  met  with  commercially  available 
equipment  now  in  common  industrial  use.  This  represents  a  significant 
advantage  since  both  low-cost  equipment  and  operating  experience  will 
be  available  to  the  shelter  designer. 

However,  thte  study  also  pinpointed  a  number  of  technological 
areas  In  which  development  of  new  equipment  and  techniques  would  reduce 
the  cost  of  setup  and  t^lntenance^  improve  the  reliebility,  and  broaden 
the  capabilities  of  shelter  auxiliury  power  systenva.,  Battelle  strongly 
^sccnaraends  furfchei  rescjirch  on  shelter  auxiliary  power  systeifiis  with  the 
foilowlng  basic  objertives:  (1)  prime  movers  capable  of  operating  at 
full  or  part  lord  without  an  external  air  supply  for  up  to  24  hours,  (2) 
}cw-*'pst  manually  operated  itored- energy  type  startling  systems  requiring 
mair.ternoce,  (3)  low-coat  preservation  and  atorage  techniques  for  fuels 
and  equipiusnt  requiring  mlnlisuig  attention  and  reactivation  time  and  effort, 
and  (4)  low-cost  waste-heat  recovery  equipment,  specifically  tal.lored  to 
the  shelter  requivenKuts. 

In  recognition  of  the  need  for  further  research  Battelle  has 
eubwntted  two  proposals  to  the  Office  of  Civil  Defense.  These  are: 
"hmwelopmant  of  Closed-Cycle  Combustion  Syr  tens  for  Shelter  Auxiliary 
Power  Biaivfc",  Sr.bmltted  February  20,  1964,  and  "Development  of  Manually 
Operated  Stored- Energy  Starting  System  for  Shelter  Atjxiliary  Power  Plant", 


dedicated  70  THX  advancement  or  SCIENCE 


Office  of  Civil  Defense 
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July  29,  1964 


submitted  April  14,  1964.  Copies  of  both  of  these  proposals  were  also 
sent  to  the  Civil  Defense  Technical  Office  at  Stanford  Research  Institute 
on  June  26,  1964. 


We  have  appreciated  the  opportunity  to  conduct  this  research 
program  for  the  Office  of  Civil  Defense.  We  shall  be  glad  to  receive 
questions  or  comments  concerning  this  report  or  the  suggested  future 
research. 


Sincerely, 


James  A.  Sibling 
Group  Director 
Thermal  Systems  Research 


JAErmw 


Enc. 
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MINIMUM  REQUIREMENTS  FOR  AUXILIARY 
POWER  SYSTEMS  FOR  COMMUNITY  SHEI.TERS 


by 

D.  A.  Trayser,  L,  J,  Flanigan,  and  S.  G.  Talbert 


INTRODUCTION 

Community-size  shelters,  designed  to  accommodate  large  numbers  of 
occupants,  must  be  provided  with  power  for  essential  services  such  as  cooking, 
communications,  lighting,  pumping,  and  environmental  control.  Conunerclal  power 
might  be  disrupted  in  an  emergency  of  the  severity  that  would  require  occupancy 
of  the  shelter.  To  ensure  availability  of  power  during  such  an  emergency,  it 
will  be  necessary  to  include  a  self-contained  auxiliary  power  system  as  part  of 
the  permanent  shelter  equipment. 

Shelter  power  systems  can  be  assembled  largely  from  conventional 
commercially  available  components.  However,  because  of  the  circumstances  under 
which  shelter  power  systems  will  be  required  to  operate,  it  is  necessary  to  give 
special  consideration  to  such  factors  as  fuel  storage,  waste  heat  removal  and 
utilization,  safety,  reliability,  maintenance,  and  noise  and  vibration. 

The  shelter  designer  has  a  wide  range  of  commercial  equipment  from 
which  Co  select  the  system  components  which  would  be  most  suitable  for  a  specific 
installation.  Commercially  available  prime  movers  include  compression-ignition 
and  spark-ignition  engines,  gas  turbines,  and  steam  generator-steam  engine  or 
turbine  combinations.  Any  of  these  prime  movers  can  be  used  to  drive  electric 
generators,  air  compressors,  or  hydraulic  pumps,  which  in  turn  can  power  the 
various  shelter  subsystems.  Major  items  of  shelter  equipment  such  as  blowers 
and  cooling  systems  can  also  be  driven  directly  by  the  prime  mover  with,  for 
instance,  a  small  electric  generator  to  supply  power  ^or  lights  and  for  other 
low-power  equipment  dependent  exclusively  on  elects  Ic It . 

Because  of  the  variety  of  power-system  components  available  to  a 
shelter  designer  and  because  of  the  nonstandard  operating  conditions,  it  Is 
necessary  for  OCD  to  determine  the  effects  of  these  nonstandard  conditions  on 
component  performance  and  to  develop  the  criteria  and  parameters  for  the  design, 
installation,  operation,  and  maintenance  of  auxiliary  power  systems  including 
supporting  equipment. 

The  scope  of  the  study  was  defined  by  the  following  assumptions: 

(1)  Power  systems  were  to  nave  a  minimum  output  equ  .valent  to  5  kw 
and  no  limited  rewxiroum  output  except  that  imposed  by  the  availa¬ 
bility  of  conventional  commercial  components.  Power  systems 
smaller  than  3  kw  and  also  all  of  those  that  use  unconventional 
devices  such  as  fuel  cells  and  thermoelectric  modules  are  the 
subjects  of  separate  studies  conducted  by  other  OCD  contractors. 


(2)  A  period  of  10  years  was  selected  as  a  reasonable  time  In  «^lch 
the  shelter  might  be  expected  to  be  on  ’’stand-by".  It  was  assumed 
this  period  would  be  followed  by  a  two-week  occupancy  period. 

Ouring  the  first  24  hours  of  occupancy,  the  shelter  might  have  to 
be  completely  isolated  from  the  outside  at^posphere.  These  opera¬ 
tional  periods  represent  a  reasonable  estimate  of  %liat  might 
actually  occur;  however,  their  select ico  is  not  intended  to  imply 
that  these  are  the  most  representative  periods  which  could  be 
selected. 

(3)  To  ^ke  the  results  of  the  study  s&  broadly  applicable  as  possible, 
it  was  assumed  that  the  shelter  could  be  located  any«diera  in  the 
United  States. 

During  this  study  It  was  found  that  in  several  areas,  presently  available 
equipment  and  information  do  not  adequately  fulfill  the  needs  for  the  design  of 
shelter  auxiliary  power  systema.  These  needs  are  discussed  is  the  "Future  Research 
Needs"  sectiem  of  this  report. 

In  conducting  the  study  literature  studies  were  made  in  the  various  areas 
of  Interest  and  design  and  performance  data  on  manufacturers’  equipment  were  studied. 
Numerous  persons  with  experience  pertinent  to  the  study  were  consulted.  Components 
and  systeie^  believed  most  suitable  for  use  in  coimnunity  shelters  were  analysed  and 
compared.  Finally,  an  experimental  investigation  carried  out  in  the  Battelle 
underground  testing  facility. 


SUK-tARV 


The  resultc  of  this  study  ahow  that  the  raiflinnira  requirtroeuta  for 
installation,  cperatiost,  and  maintenance  of  shelter  auxiliary  power  systems  can 
generally  be  met  with  comnjsrciai ly  available  equipment  now  In  contcon  Industrial 
use. 


To  facilitate  the  use  of  tha  information  in  this  report,  the  presenta¬ 
tion  of  results  is  divided  Into  ten  sections.  The  material  In  these  sections  is 
summarized  here  in  the  same  sequence,  namely: 


(I) 

Prime  movers 

(2) 

Starting  systems 

(3) 

Cooling 

(4) 

Fuel  sLorage 

(5) 

Waste  heat  recovery 

(6) 

Power  transmission  systems 

(7) 

Mountings  and  drives 

(8) 

Noise  and  vibration 

(9) 

Stand-by  maintenance 

(10) 

Derjonstration  unit. 

Information  and  data  were  obtained  from  the  literature  on  equipment 
and  systems  and  on  the  present  state  of  the  art.  In  addition,  information  was 
obtained  from  manufacturers  and  knowledgeable  Individuals  in  the  various  fields 
covered  by  the  study. 


Prime  Hovers 


Compression-ignition  engines,  spark-ignition  engines,  gas  turbines, 
and  steam  power  systems  were  included  in  this  study  area.  Each  prime-mover  type 
was  evaluated  on  the  basis  of;  physical  characteristics;  performance,  control, 
installation,  and  maintenance  requirements;  safety  and  human  comfort;  and 
economics. 


Table  1  and  Figures  1  through  5  sumroarixe  the  results  of  these  evalua¬ 
tions.  Table  1  shows  general  qualitative  comparisons  between  the  prime  movers 
which  were  judged  the  most  applicable  for  use  in  community  shelters.  Figures  1 
and  2  show  specific  volume  and  weight  data  for  these  same  prime  movers. 

Figures  3  and  4  show  specific  fuel  consumption  and  combustion  air  requlreiaents , 
and  Figure  5  shows  approximate  purchase  prices. 

The  «tea®  power  system  was  omitted  from  these  comparisons  as  it  was 
judged  impractical  becauae  of;  high  first  cost;  high  operating  cost;  high 
maintenance  cost;  extra  space  requirements;  and  complexity  of  equipment,  opera« 
tlon,  and  control. 


'fABLE  1.  CCMPARISOK  OF  PRIME  MOVERS 


Prime  Mover 


Evaluation 

Parameter 

Diesel 

Eiigine 

Gasoline 

Engine 

LPG 

Engine 

Gas 

Turbine 

Steam 

Engine 

Installation 

Simple 

Simple 

Simple 

Very  Simple 

Coi^plex 

Maintenance 

Low 

Moderate 

Moderate 

Very  Low 

High 

Dependability 

Good 

Fair 

Good 

Good 

Good 

Safety 

Good 

Fair 

Fair 

Good 

Fair 

Availability 

Excellent 

Good 

Good 

Poor 

Fair 

Coat 

Presented 
in  Pig.  5 

Starting  Systems 


Electric^  hydraulic^  pneumatic^  and  manual  starting  systems  were 
included  in  this  study  area.  Each  was  evaluated  on  the  basis  of  physical  character 
istlcSj  maintenance,  dependability,  and  economics. 

Table  2  summarizes  the  results  of  these  evaluations.  Several  manual, 
energy-storage  starting  techniques  were  investigated  briefly  during  this  study. 
These  were:  flyx^eel  type,  falling  weight  type,  and  spring  type.  No  comnercial 
versions  of  these  energy-storage  starting  systems  are  presently  available,  however, 
these  systems  show  pot>^ntial  for  being  less  costly,  easier  to  .maintain  for  long 
periods,  and  significantly  more  reliable  than  the  commercially  available  starting 
systems. 

The  use  of  starting  aids  such  as  engine-block  and  oil-sump  heaters  and 
starting  fluids  for  the  intake  air  were  also  considered.  These  starting  aids 
would  be  useful  onder  most  conditions  to  improve  the  dependability  of  starting. 


TABLE  2.  COMPARISON  OF  STARTING  SYSTEMS 


Starting  System 

Maintenance 

Dependability 

Availability 

Cost 

Electric 

High 

Fair 

Low 

Good 

Hydraulic 

Low 

Good 

High 

Good 

Pneumatic 

Low 

Fair 

High 

Good 

Manual  energy - 
storage 

Negligible 

Excellent 

Low 

None 

available 

specific  Weight,  lb  per  hp 


1.5 


Diesel,  oir  cooled 

H - - 


“Gosoline  and  LP6,  air  cooled 


•  I  ' 

^Diesel,  4  cycle,  turbocharged,  water  cooled 
/  I  I  I 

Gasoline  end  LPG,  water  cooled 


200  300 
Rated  Power,  hp 


•^r-  turbine,  nonregenerotive 


400 


500 


FIGURE  1.  SPECIFIC  VOLUME  OF  PRIME  MOVERS 
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FIGURE  2.  SPECIFIC  WEIGHT  OF  PRIME  MOVERS 
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FIGURE  3.  SPECIFIC  FUEL  CONSUMPTION  OF  PRIME  MOVERS 
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FIGURE  4.  COMBUSTION  AIR  REQUIRED  FOR  PRIME  MOVERS 
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FIGURE  5.  APPROXIMATE  PURCHASE  PRICES  OF  PRIME  MOVERS 


Direct  make -up -water,  heat -exchanger,  radiator,  and  ebullient  cooling 
systems  were  Included  in  this  study  area.  Each  was  evaluated  on  the  basis  of 
physical  characteristics,  installation,  maintenance,  dependability,  water  or  air 
consumption,  and  economics. 

Table  3  summarizes  the  results  of  these  evaluations. 

Ventilation  of  the  engine  room  to  remove  heat  lost  from  the  engine  and 
other  components  by  radiation  will  be  essential.  These  losses  may  be  up  to  half 
as  much  as  the  jacket  water  cooling  losses.  Ventilating  the  engine  room  with 
exhaust  air  from  the  occupied  section  of  the  shelter  may  be  possible  and  would  be 
desirable  in  that  a  minimum  of  additional  equipment  would  be  required. 

Gas  Turbines  require  no  Jacket  water  cooling  system  and  are  likely  to 
radiate  no  more  heat  to  the  engine  room  ventilating  air  than  piston  engines. 

TABLE  3.  COKPARISON  OF  COOLING  SYSTEMS 


Cooling  System 

Installation 

Maintenance 

Water 

Requirements 

Coat 

Direct  make-up 

Simple 

Negligible 

High 

Low 

Heat  exchanger. 

Simple 

Negligible 

Very  high 

High 

without  cooling 

tower  or  pond 

Heat  exchanger, 

Complex 

Moderate 

Moderate 

Very  high 

with  cooling 

tower  or  pond 

Ebullient 

Simple 

Moderate 

Low 

Low 

(boiling) 

Radiator, 

Simple 

Low 

None  (air 

Moderate 

engine -sMunted 

required) 

Radiator, 

Moderately 

Moderate 

None  (air 

Moderately 

out side -mount ed 

complex 

required) 

high 
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Fuel  Storage 


The  storage  capabilities  of  the  following  fuel  types  were  evaluated  in 
this  study  area:  90-octane  gasoline,  straight-run  kerosene.  No.  2  diesel  oil,  and 
liquified  petroleum  gas  (LPG) .  These  are  the  most  commonly  used  prime  mover  fuels 
and  can  be  considered  for  the  purposes  of  this  study  as  being  generally  representa¬ 
tive  of  all  available  commercial  fuels. 

All  fuels  deteriorate  in  storage  to  some  degree,  depending  on  the  type 
of  fuel,  the  storage  conditions,  and  the  length  of  storage  time.  The  prlnary 
causes  of  deterioration  in  fuels  are:  evaporation,  oxidation,  contamination,  and 
polymerization.  Any  fuel-storage  technique  which  inhibits  any  of  these  will 
increase  the  storage  life  of  the  fuel.  Fuel  deterioration  can  be  detrimental  in 
reducing  ignition  and  burning  qualities  of  the  fuel,  increasing  corrosion  in  the 
fuel  system,  increasing  clogging  and  fouling  in  the  fuel  system,  and  increasing 
contamination  of  the  lubricating  oil. 

Two  basically  different  fuel-storage  techniques  may  be  folloiied:  active 
storage  and  long-term  storage.  In  an  active  fuel-storage  program  a  fuel  would  be 
replaced  or  replenished  at  regular  intervals,  and  the  storage  system  requirements 
would  be  relatively  uncritical.  In  a  long-term  fuel-storage  program,  the  storage 
system  would  be  designed  to  preserve  the  fuel  for  the  longest  possible  period  of 
time.  For  an  active  fuel-storage  system  a  simple  vented  tank,  either  above-ground 
or  (preferably)  underground,  would  be  suitable.  A  sealed  underground  tank  would 
significantly  increase  the  potential  storage  life  of  most  fuels  and  would  be 
suitable  for  a  long-term  fuel-storage  system.  Adding  a  pressurized  nitrogen 
•^blanket"  to  the  sealed  storage  tank  would  further  increase  storage  life. 

Table  4  shows  approximate  storage  life  that  can  be  expected  with 
different  fuels  under  different  storage  conditions. 


Waste  Heat  Recovery 


All  conventional  prime  movers  convert  only  part  (up  to  about  1/3)  of 
the  total  fuel  energy  supplied  to  useful  shaft  work,  the  remainder  being  rejected 
as  waste  heat  to  the  cooling  and  exhaust  systems  or  lost  as  radiation.  For  piston 
engines  the  amounts  of  waste  heat  in  the  coolant  and  In  the  exhaust  gases  are  each 
approximately  equivalent  to  the  shaft  power  output.  For  regenerative  gas  turbines 
the  exhauct  waste  heat  is  approximately  2-1/2  tlinea  the  shaft  power  output. 

The  waste  heat  from  the  cooling  system  can  be  fairly  easily  recovered 
either:  (1)  as  hot  water  from  a  water-to-water  heat  exchanger  or  from  thu  jacket 
water  directly,  or  (2)  as  low-pressure  steam  and/or  hot  water  directly  fvora  the 
steam  separator  tank  of  mi  ebullient  cooling  system.  Only  about  60  to  60  per  cent 
of  the  exhaust  waste  heat  is  recoverable  because  of  the  danger  of  corrosion  in 
the  eidiaust  system  if  the  gases  are  cooled  below  300  F.  Waste  heat  recovered 
from  the  exhaust  system  can  be  made  available  as  hot  water  or  as  high.-  or  low- 
pressure  steam. 


TABLE  4.  ESTIMATED  STORAGE  LIFE  OF  REPRESENTATIVE  FUELS 


Storage  Condition 


Straight-Run  Premium-Grade 

Gasoline  (About  Straight-Run  No.  2  Diesel 
90  Octane) (c)  Kerosene^^)  Fuel^^) 


LFC(d) 


Above-ground 
vented  tank(«) 

1  year 

3  years 

1  year 

-- 

Underground 
vented  tank^b) 

2  years 

5  years 

3  years 

-- 

Underground 
seeled  tenk(b) 

5  years 

8  years 

4  years 

10  years 

Underground  seeled 
tank  with  positive 
nitrogen  pressure'^^ 

8  year.s 

8  years 

5  years 

-- 

(«) 

(b) 

(c) 


(d) 


It  la  assumed  that  the  fuel  temperature  varies  from  20  t 
the  year,  and  that  the  amount  of  fuel  stored  Is  at  least 
It  Is  assumed  that  the  fuel  temperature  varies  from  40  t 
the  year,  and  that  the  amount  of  fuel  stored  Is  at  least 
It  Is  assumed  that  for  cold  starting,  the  operator  manua 
aerosol  Into  the  air  intake.  That  is.  the  fuel  is  not  c 
on  the  basis  of  poor  cold  starting  due  to  the  loss  of  th 
point  components. 

I®  Instances,  LPG  Is  stored  In  a  sealed  tank 


o  100  F  throughout 
500  gallons, 
o  80  F  throughout 
500  gallons, 
lly  sprays  ether 
onsldered  useless 
e  lower-bolllng- 


heat  for  use  In  providing  a  hot-water  supply  or  for 
practical  when  there  la  a  reasonable  demand  for  these  services  in 
shelter.  It  is  more  advantageous  to  recover  waste  heat  from  the  cooling  system 

is  needed,  (2)  the  exhaust  waste  heat  if  eLily 

with  In  elhr.^^h  overheating  and  corrosion 

with  an  exhaust  heat -recovery  system  that  does  not  exist  with  a  cooling  water  heat- 
recovery  system.  ^  ueau 


Recovery  of  waste  heat  for  shaft  power  is  not  practical  because  of  the 
cost  end  complexity  of  the  extra  equipment  required. 


Power -Transmission  Systems 


Mr*  electric,  hydraulic,  and  pneumatic  po%»er-t ransmlssion  sy  terns 

Mra  iKludad  la  thU  .tudy  «...  K.ch  wi.  evaluated  on  11, a  basi.  of  phyalcal 

affuiency,  tnatallatlon  and  maintenance  ranulreiKnts 
reliability,  aefety  and  human  comfort,  and  economics.  ^ 


Table  5  summarizes  the  results  of  these  evaluations.  The  mechanical, 
hydraulic,  and  pneumatic  systems  all  require  a  small  electric  generator  to  supply 
the  lighting  and  coiranunlcatlons  requirements  of  the  shelter.  The  electric  power- 
transmission  system  has  an  advantage  In  that  it  can  be  more  easily  integrated 
into  a  commercial  power  system  for  independent  exercising  of  Individual  components^ 
for  potential  use  of  the  shelter  space  during  the  stand-by  period,  and  for  use  of 
commercial  power  If  It  Is  available  In  an  emergency. 


TABLE  5.  COMPARISON  OF  POWER-TRANSMISSION  SYSTEMS 


Power  Transmission  System 


Parameter 

Mechanical 

Electric 

Hydraulic 

Pneumatic 

Installation 

Simple  to 
complex 

Simple 

Complex 

Complex 

Maintenance 

Negligible 

Low 

Low 

Low 

Dependability 

Excellent 

Good 

Good 

Good 

Availability 

Excellent 

Excellent 

Good 

Good 

Efficiency,  Z 

90  + 

76 

66 

14 

Cost 

Very  low 

Low 

High 

High 

m 


System  Mountings  and  Drives 


Five  Items  to  be  considered  in  designing  or  selecting  mountings  and 
drives  are:  (1)  alignment,  (2)  vibration,  (3)  piping  connections,  (4)  load 
characteristics,  and  (3)  blast  effects.  Mounting  and  drive  components  should  be 
selected  to  prevent  annoying  or  destructive  vibration  from  developing  within  the 
nK}unted  components  and  from  being  transmitted  to  or  from  other  parts  of  the 
shelter . 


Applicable  mounting  techniquet>  are  foundation  mounting  or  skid  mounting, 
and  flexible  or  rigid  mounting.  Flexible  skid  mounting  is  preferable  for 
coRSBunlty  shelter  auxiliary  power  systems  as  It  would  result  in  acceptable  compo- 
ment  allgnoient,  minimum  vibration  transmission,  and  low  Installation  cost. 

Of  the  applicable  drive  techniques,  a  flexible  direct -coupling  drive  is 
preferable  for  cocainunlty-ahelter  auxiliary-power  systems  as  it  tKXild  be  compatible 
with  skid  mounting  and  would  function  with  a  minimum  of  vibration  transmission. 

A  clutch  is  necessary  when  the  driven-component  starting  torque  is  high  or  when 
the  prioie  mover  and  driven  component  shafts  oust  be  rotated  independently. 


Noise  and  Vibration 


Reliable  and  useful  data  on  the  noise  generation  characteristics  of 
prime  movers  are  not  presently  available.  However,  from  general  experience  and 
limited  test  measurements  made  at  actual  installations  ind  in  the  Battelle  test 
facility,  it  is  apparent  that  som*'  noise  control  measures  will  be  required  with 
moat  prime  '.overs.  However,  the  noise  problem  should  not  be  difficult  to  solve. 

The  chief  sources  of  noise  from  prime  movers  are  vibrating  surfaces  and 
aerodynamic  pulsations.  Control  of  this  noise  can  be  effected  in  the  following 

ways: 

(1)  Careful  selection  of  the  prime  mover  and  its  auxiliary  equipment. 

(2)  Provision  of  barriers  between  the  prime  mover  and  the  shelter 
occupied  space. 

(3)  Reduction  or  elimination  of  transmission  of  vibration  from  the 
source. 

(4)  Use  of  sound-absorbing  materials  on  the  walls  and  ceiling  of  the 
occupied  shelter  space. 

(5)  Providing  "sound  trap"  air  ducts  when  noise  source  area  and 
occupied  space  must  be  connected  for  ventilation. 

The  experimental  wrk  ^.n  the  Battelle  test  facility  Indicates  that  thick 
walls,  ccvaplete  closure,  and  sound-trap  ducting  would  be  effective  in  reducing  the 
noise  reaching  the  occupied  space  to  an  acceptable  level.  It  was  also  noted  that 
no  special  vibration  isolation  equipment  would  be  necessary  to  prevent  annoying 
engine  vibration  from  reaching  the  occupied  space.  The  normal  construction  of 
underground  shelters  would  be  adequate  to  damp  the  vibration. 


Stand-By  Maintenance 


Two  general  approaches  to  stand-by  maintenance  were  considered  in  this 
study:  dynamic  maintenance  and  static  maintenance.  Dynamic  maintenance  involves 

freqiuenC  and  periodic  exercising  and  inspection  and  is  employed  almost  universally 
for  conventional  emergency  stand-by  power  systems.  Static  maintenance  involves 
long-term  storage  with  Infrequent  exercising  and  inspection. 

Dynamic  maincerance  is  essential  if  instant  starting  and  load  assumption 
is  required  in  the  event  of  commercial  power  failure.  The  procedures  for  dynamic 
maintenance  are  fairly  well  established  from  experience.  A  minimum  frequency  of 
once  every  six  weeks,  and  a  1  to  2  hour  full-load  run  are  advisable.  Periodic 
changes  of  lubricants  and  coc!ant  are  necessary  to  prevent  dasiage  or  inoperability 
due  Co  time -dependent  deterioration  of  these  liquids. 

Stetic  maintenance  may  necessitate  allowing  a  period  of  I  or  2  hours  for 
reactivation  of  the  equipment.  During  reactivation  a  community  shelter  could  be 
occupied  with  emergency  lighting  and  communicationa  supplied  by  long-shelf -Ilf e 
batteries.  A  satisfactory  static  maintenance  technique  could  reduce  the  long-term 
Mintenaocc  costs  of  s  cotmsunlcy  shelter  program  a  significant  amount.  The  static 
msintanaoce  program  would  require  maintaining  a  low  (30  tc  33  per  cent)  humidity 
level  In  the  shelter,  keeping  liquids  that  tend  to  deteriorate  away  from  components 
which  may  be  easily  fouled  or  otherwise  rendered  Inoperable,  and  coating  critical 
aurfecea  with  a  long-life  preservative. 
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Statlc  maintenance  techniques  presently  In  use,  such  as  "mothballing"  of 
surplus  military  equipment,  are  not  directly  applicable  to  the  community  shelter 
because  of  cost  and  the  time  required  (a  minimum  of  several  days)  to  reactivate. 
However,  the  available  experience  and  proven  techniques  are  sufficiently  encouraging 
to  indicate  the  potential  feasibility  of  the  approach. 


Demonstration  Unit 


A  20-kw  diesel  engine-generator  set  was  set  up  In  an  underground  test 
facility  to  experimentally  verify  the  parameters  developed  In  this  study  in  a 
simulated  community  shelter  environment.  The  same  unit  was  also  used  to  evaluate 
the  performance  of  simple  exhaust  heat-recovery  systems. 

Figure  6  is  a  sketch  of  the  test  facility  with  the  engine -generator  set 
installed.  An  air-cooled  radiator  Is  mounted  outside  the  shelter  and  the  ventilating 
air  for  the  engine  room  Is  supplied  through  a  "sound  trap"  duct.  The  entrance  hall¬ 
way  was  used  to  simulate  the  shelter  occupied  space. 

As  part  of  the  experimental  studies,  two  test  runs  were  made  to  determine 
the  system  heat  balance  and  to  measure  the  effect  of  Insulating  the  exhaust  system. 
For  one  run  the  exhaust  system  was  not  Insulated  and  for  the  other  run  1-lnch  thick 
insulation  was  applied  to  the  exhaust  manifold  and  tubing  In  the  engine  room.  The 
test  results  effectively  demonstrated  that  insulating  the  exhaust  system  reduced 
the  amount  of  heat  rejected  to  the  cooling  system,  ventilating  air,  and  walls,  thus 
reducing  the  shelter  heat  sink  requirements. 

The  results  of  the  demonstration  program  verified  the  validity  of  the 
parameters  developed  in  the  study. 

Because  commercial  exhaust  heat -recovery  equipment  is  costly,  several 
simple  configurations  were  studied  to  determine  their  effectiveness.  About  80  per 
cent  of  the  heat  in  the  exhaust  gases  is  recoverable  without  encountering  exhaust 
system  corrosion.  A  straight  3/4-inch-diameter  brass  tube  installed  In  the 
exhaust  system  had  a  recovery  efficiency  of  17  per  cent.  A  colled  tube  and  a 
straight -finned  tube  both  3  feet  long  each  had  an  efficiency  of  36  per  cent. 

From  these  studies  it  can  be  concluded  that  simple,  inexpensive  exhaust  heat- 
recovery  systems  are  effective  and  practical. 
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FCTURE  RESEARCH  NEEDS 


This  research  study  disclosed  a  tmdber  of  technological  areas  In  which 
the  presently  available  equipment  and  experience  do  not  adequately  meet  the  needs 
of  conununity  shelters.  These  areas  are: 

(1)  Closed-cycle  Internal-combustion  engine  operation^ 

(2)  Manual  energy-storage  starting  systems. 

(3)  Long-term  preservation  and  storage  of  fuels. 

(4)  Long-term  preservation  and  storage  of  equipment. 

(5)  Low-cost  waste-heat  recovery  equipment. 

Because  of  the  Importance  of  these  subjects  in  the  over -all  community  shelter  pro¬ 
gram,  Battelle  recommends  that  further  research  be  conducted  to  determine  feasible 
and  practical  solutions  to  the  unsolved  problems. 

Closed-cycle  operation  of  an  internal -combust ion  engine  prime  mover 
would  involve  recirculating  the  exhaust  gases  through  the  engine  after  removal  of 
noncombustible  solids.  Sufficient  oxygen  for  combustion  would  be  added  to  these 
recirculated  exhaust  gases  before  they  were  allowed  to  enter  the  engine.  A  portion 
of  the  exhaust  gases,  equal  to  the  oxygen  added,  would  be  discharged  from  the 
system  to  the  atmosphere.  Closed-cycle  operation  would  permit  the  prime  mover  to 
develop  partial  or  full  power  during  periods  when  it  would  be  necessary  to  com- 
pletely  isolate  the  shelter  from  the  external  environment.  Investigations  of 
closed-cycle  diesel  engine  operation  for  submarine  use  during  World  War  II  and  for 
mine  use  more  recently  would  provide  background  for  further  investigations. 

Manual  energy-storage  sta.rting  systems  are  discussed  in  this  report. 

The  feasibility  study  which  was  conducted  indicated  that  a  flywheel  or  similar 
type  of  manually  operated  energy-storage  starting  system  could  be  developed  vdiich 
would  be  competitive  with  conventional  starting  systems  on  the  basis  of  first  cost. 
The  manual  system  would  be  simple,  maintenance  free,  and  extremely  reliable. 

Long-term  preservation  and  storage  of  fuels  has  evidently  received  little 
attention.  The  information  vdiich  is  available  is  Incomplete  and  inconclusive  for 
the  community  shelter  system  application  However,  there  is  evidence  that  most 
fuels  can  be  stored  for  long  periods  of  time  with  only  minor  modifications  to 
presently  used  storage  equipment  and  techniques  and  to  the  chemical  composition 
of  the  fuel. 

Long-term  preservation  and  storage  of  equipment  as  presently  practiced  Is 
costly  and  requires  an  excessive  amount  of  time  for  reactivation.  However,  as  in 
the  case  of  storage  of  fuel,  the  present  state  of  knowledge  and  experience  strongly 
indicates  that  techniques  could  be  developed  that  would  combine  low  cost  with  the 
required  state  of  readiness  for  coramurity  shelters. 

Low-coat  waste-heat  recovery  equipment  is  not  commercially  available  at 
present.  A  brief  experimental  study  conducted  during  this  project  demonstrated 
the  feasibility  of  adapting  simple  heat  exchanger  equipment  to  recover  waste  heat 
from  the  engine  exhaust  gases,  further  study,  including  both  design  and  experi¬ 
mental  phases,  would  provide  the  information  necessary  to  construct  satisfactory 
and  low-cost  equipment  for  the  recovery  of  exhaust  and  cooling-system  waste  heat. 
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FRUffi  MOVERS 


The  study  of  prime  movers  was  limited  to  conventional  equipment,  four 
basic  types  being  Investigated:  compression-ignition  (diesel)  engines,  spark- 
ignition  engines,  gas  turbines,  and  steam  power  plants.  These  four  basic  prime 
mover  types  were  considered  on  the  basis  of  performance  and  control  characteristics, 
installation  and  maintenance  requirements,  safety  and  human  comfort  aspects,  and 
economics. 


All  of  the  data  presented  in  this  section  of  the  report  pertain  to  prime 
movers  in  the  3-  to  50G-hp  size  range.  Most  compression-ignition  and  spark- 
Ignltlon  engines  in  this  size  range  are  available  as  production  engines  and  as 
self-contained  power  sources.  Larger  piston  engines  are  available,  but  mostly  on 
a  custom-order  basis  in  relatively  limited  quantities;  consequently,  the  cost  per 
horsepower  output  will  tend  to  be  higher  than  for  the  smaller  engines.  Installa¬ 
tion  of  the  larger  piston  engines  will  also  be  more  costly  and  difficult  because 
of  their  physical  size.  The  performance  characteristics  of  the  larger  engines 
will  be  very  similar  to  those  of  the  smaller  engines  of  the  same  type. 

Large  gas  turbines  may  be  more  attractive,  comparatively,  than  large 
piston  engines  because  gas  turbines  are  inherently  compact  and  simple  machines. 
Consequently,  for  a  given  power  output  they  are  much  smaller  and  lighter  than  the 
same  size  piston  engines  and,  therefore,  they  are  much  easier  to  install  and  ser¬ 
vice  than  a  piston  engine.  Large  gas  turbines  are  so,  at  the  present  time, 
significantly  more  efficient  than  small  ones  because  of  the  proportionately  greater 
development  effort  which  has  gone  into  their  design. 


Compression-Ignition  Engines 


Compression-ignition  engines,  more  commonly  referred  to  as  diesel  engines, 
ai  merally  heavy-duty  power  sources  used  for  continuous  duty  where  low-speed 
lugging  ability  is  desirable.  Diesel  engines  come  in  a  great  many  different  forms: 
air  and  water  cooled,  two  and  four  cycle,  naturally  aspirated,  supercharged,  and 
turbocharged. 

Figures  7  and  8  show  typical  specific  volume  and  weight  data  for  diesel 
engines  up  to  300  hp  output.  The  particular  diesel -engine  types  represented  by  the 
curves  of  Figures  7,  8,  9,  and  10  were  selected  because  they  are  representative  of 
all  of  the  available  types  and  are  the  most  suitable  for  stand-by  auxiliary  power 
system  use.  For  all  types  shown,  the  specific  volume  and  weight  are  significantly 
greater  in  the  smaller  power  sizes.  The  turbocharged  and  two-cycle  diesel  engines 
are  considerably  smaller  and  lighter  than  the  naturally  aspirated  diesel  engines. 

Diesel  engines  up  to  300  hp  are  designed  to  operate  at  rated  speeds  from 
1200  to  2400  rpm.  Industrial  diesel  engines  in  this  power  range  are  available 
as  follows: 


Two-cycle,  water-cooled,  supercharged  33-500  hp 
Two-cycle,  water  cooled,  turbocharged  140-500  hp 
Four-cycle,  air-cooled,  naturally  aspirated  6-23  hp 
Four-cycle,  water-cooled,  naturally  aspirated  4-500  hp 
Four-cycle,  water  cooled,  turbocharged  70-500  hp 


specific  Weight,  Ibperhp  Specific  Volume,  ft^per  hp 
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Rated  Power,  hp 


FIGURE  7.  SPECIFIC  VOLUME  OF  DIESEL  ENGINES 


Roted  Power,  hp 

FIGURE  8.  SPECIFIC  WEIGHT  OF  DIESEL  ENGINES 
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Performance  aud  Control 


Figures  9  and  10  show  specific  fuel  consumption  and  combustion  air  require¬ 
ments  for  diesel  engines  In  the  5-  to  500-hp  range.  Highest  fuel  consumption  and 
combustion  air  requirements  are  assoc latcid  with  the  lower  power  outputs.  The  shape 
of  the  curve  for  the  combustion  air  requlretoent  of  the  turbocharged  diesel  engine 
Is  different  because  of  sensitive  Interactions  between  the  turbochargers  and  the 
engines.  For  economy  only  a  few  different  turbocharger  models  are  used  with  a 
wide  range  of  engine  sizes;  consequently,  there  Is  bound  to  be  some  slight  mis¬ 
matching.  In  addition,  as  more  po%fer  is  extracted  from  an  engine  of  a  given  size 
by  the  use  of  turbocharging,  more  excess  combustion  air  Is  required  to  maintain 
acceptable  peak  combustion-chamber  temperatures,  particularly  to  prevent  piston 
failure. 


uiesel  engines  are  sensitive  to  intake  and  exhaust  conditions.  For 
Instance,  the  maximum  power  rating  of  a  diesel  engine  should  be  decreased  about 
1  per  cent  for  each  10-degree  temperature  rise  In  the  Intake  air  above  60  F,  and 
4  per  cent  for  each  1,000  feet  of  altitude  (l.e.,  a  reduction  in  pressure  of  14 
Inches  of  water  from  normal  pressure  In  the  intake  system).  Two-cycle  diesel 
engines  are  very  sensitive  to  exhaust  back  pressure,  four-cycle  naturally  aspirated 
diesel  engines  are  less  sensitive;  and  turbocharged  diesel  engines  are  relatively 
Insensitive. 

Diesel  engine  manufacturers  frequently  publish  three  power  output  ratings 
for  their  engines.  These  are:  continuous -duty  rating,  intermittent -duty  rating, 
and  maximum  rating.  The  continuous -duty  rating  represents  a  power  level  at  which 
the  engine  should  be  able  to  operate  continuously  and  still  achieve  Its  normal  ser¬ 
vice  life.  An  intermittent-duty  rating  Is  given  In  recognition  of  the  fact  that 
many  applications  will  not  require  full  engine  power  at  all  times.  The  Intermittent - 
duty  rating  Is  generally  about  10  per  cent  higher  than  the  continuous-duty  rating, 
and  when  used  for  applications  tdiere  full  engine  power  Is  not  required  at  all  times 
will  not  result  in  any  reduction  in  service  life.  The  maximum  rating  is  about  20 
per  cent  above  the  continuous -duty  rating  and  should  be  used  only  for  occasional 
momentary  high  loads. 

These  power  output  ratings  are  conservative  to  some  degree,  depending 
upon  the  manufacturer  of  the  engine  and  are  based  on  a  normal  service  life  of 
8,000  to  10,000  hr  between  major  overhauls.  It  Is  probable  that  most  well-designed 
and  well-constructed  diesel  engines  could  be  operated  continuously  at  the  Intermittent- 
duty  rating  with  only  one  detrimental  effect,  reduced  service  life.  If  adequate 
cooling  were  provided,  it  is  even  possible  that  a  service  life  in  excess  of  300  hr 
could  be  relatively  assured  even  with  continuous  operation  at  or  near  the  maximum 
power  rating. 

Speed  and  load  control  systems  for  diesel  engines  are  fairly  simple  and 
reliable  as  long  as  the  regulation  requirements  are  not  too  strict.  A  plus  or 
minus  5  per  cent  speed  variation,  which  would  probably  be  quite  acceptable  for  a 
community  shelter  auxiliary  power  system,  would  be  relatively  easy  to  achieve. 

Manual  controls  usually  supplied  with  diesel  engines  Include  an  on-off  switch,  a 
starting  button,  and  governor  and  throttle  control  cables. 


Combustion  Air  Flow;  cfm  per  hp  Specific  Fuel  Consumption,  lb  per  hp-hr 


FIGURE  9.  SPECIFIC  FUEL  CONSUMPTION  OF  DIESEL  ENGINES 


FIGURE  10.  COMBUSTION  AIR  REQUIRED  FOR  DIESEL  ENGINES 
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Installatlon 


There  are  four  major  factors  which  must  be  given  consldetation  when  a 
diesel  engine  is  installed  for  emergency  stand-by  power.  These  are  mounting, 
ventilation,  fuel  supply,  and  exhaust.  All  diesel  engines  should  be  mounted  on 
vibration  dampers  and  preferably  on  a  base  or  on  blocks  at  a  level  higher  than  the 
floor  level  for  convenience  in  servicing  and  iraintenance.  For  the  larger  engines, 
the  base  should  be  isolated  from  the  rest  of  the  engine  room  floor.  At  least  2 
feet  of  space  should  be  provided  all  around  the  engine.  The  engine  should  be 
located  convenient  to  the  fuel  supply,  exhaust  outlet,  and  ventilating  air  outlet. 

Sufficient  ventilation  air  should  be  provided  to  the  engine  room  for 
combustion  and  for  carrying  away  radiated  heat.  If  the  engine  is  air  cooled,  or 
radiator  cooled  with  the  radiator  located  in  the  engine  room,  additional  ventila¬ 
tion  air  must  be  provided.  The  engine  should  be  provided  with  its  own  combustion 
air  filter,  hence,  filtering  of  the  ventilation  air  would  not  be  necessary.  Fall¬ 
out  particles  which  may  pass  into  and  through  the  engine  and  cooling  system  are 
not  expected  to  affect  the  performance.  Both  the  inlet  and  the  discharge  ventila¬ 
tion  air  openings  above  the  ground  level  should  be  located  so  that  the  possibility 
of  clogging  from  fallen  debris  Is  minimized.  Inside  the  engine  room,  the  ventila¬ 
tion  air  Inlet  and  discharge  outlet  should  be  on  opposite  walls.  If  an  engine- 
mounted  radiator  Is  used.  It  Is  advisable  to  provide  a  duct  between  the  radiator 
and  the  discharge  opening  In  the  engine  room  wall  to  prevent  recirculation  of  the 
cooling  air.  This  duct  should  contain  a  flexible  section  so  that  engine  vibration 
is  not  transmitted  to  the  wall  and  so  that  the  danger  of  fatigue  failure  of  the 
duct  will  be  minimized. 

It  Is  not  generally  f.cceptable  to  allow  the  fuel  to  be  supplied  to  the 

engine  from  the  main  tank  by  gravity  feed,  because  of  the  danger  that  a  leak  any¬ 
where  In  the  system  might  permit  the  entire  fuel  supply  to  drain  Into  the  engine 

room.  A  "day"  tank  mounted  directly  on  the  engine  is  frequently  used  to  assure 

that  the  fuel  will  be  Immediately  available  to  the  engine  on  starting.  If  possible, 
the  main  fuel  tank  should  bi  located  close  to  the  engine  room  and  slightly  below 
the  level  of  the  fuel  pump  on  the  engine.  A  flexible  section  should  be  provided 
In  the  fuel  line  to  the  engine  to  reduce  the  transmission  of  engine  vibration  and 
to  avoid  fatigue  failure  in  the  fuel  line.  If  the  main  fuel  tank  must  be  located 
above  the  engine,  a  float  tank  should  be  used  between  the  main  tank  and  the  engine. 
This  should  be  located  below  the  level  of  the  engine  fuel  pump.  With  such  an 
arrangement,  fuel  runs  by  gravity  from  the  main  tank  to  the  float  tank  where  a 
constant  level  is  maintained  by  a  float -valve  system.  The  engine  fuel  pump  draws 
fuel  from  the  float  tank.  If  the  fuel  tank  roust  be  located  at  a  greater  distance 
.'rom  the  engine  room  ':han  the  engine  fuel  pump  is  capable  of  pumping  the  fuel,  a 
transfer  tank  and  tr^.nsfer  fuel  pump  must  be  provided  between  the  main  fuel  tank 
and  the  engine.  The  transfer  pump  is  needed  to  pump  fuel  from  the  main  tank  to 
the  transfer  tank.  The  engine  fuel  pump  draws  fuel  from  the  closer  transfer  tank. 

The  exhaust  pipe  from  the  engine  to  the  outside  should  be  adequately 
sized,  and  should  be  well  constructed,  without  any  leaks,  and  well  s  , ported.  The 
exhaust  pipe  should  slope  upward  from  a  point  near  the  engine  and  a  condensate  trap 
should  be  provided  at  that  lowest  point.  Condensate  must  not  be  allowed  to  drain 
back  into  the  engine.  A  flexible  section  should  be  provided  in  the  exhaust  line 
to  reduce  transmission  of  vibration  and  to  avoid  fatigue  failure  ol  the  exhaust 
pipe.  The  exhiui'  pipe  should  be  no  closer  than  9  Inches  to  any  combustible 
material.  Thf^  ex?  ust  outlet  outside  the  shelter  should  be  so  located  with  respect 
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to  the  ventilation  air  inlet  that  the  possibility  of  exhaust  products  being  drawn 
back  into  the  shelter  is  negligible.  If  the  shelter  is  located  in  a  heavily  popu¬ 
lated  area  and  frequent  exercising  of  the  equipment  is  planned,  an  inexpensive 
muffler  probably  should  be  provided.  It  is  generally  reconunended  that  mufflers 
be  located  as  close  to  the  engine  as  possible  to  reduce  corrosion  damage  to  the 
muffler  from  condensed  products  of  combustion. 

Maintenance 


Consideration  of  the  anticipated  short-time  operation  of  community  shelter 
power  sources  when  compared  with  the  relatively  long  service  life  of  diesel  engines 
leads  to  the  conclusion  that  there  should  be  no  maintenance  requirements  due  to 
running  of  the  engine.  Consequently,  the  only  maintenance  problems  that  should 
arise  are  thoae  due  to  long  storage  time.  There  probably  will  be  maintenance  pro¬ 
blems  associated  with  the  fuel  system,  the  lubrication  oil  system,  the  cooling 
system,  and  the  starting  system.  The  fuel  system,  cooling  system,  and  starting 
system  requirements  will  be  discussed  in  later  sections  of  this  report.  Opera¬ 
tional  lubricating  oils  will  tend  to  form  sludge  and  gum  when  stored  and  little 
used  for  long  periods  of  time.  If  a  regular  schedule  of  frequent  exercising  is 
planned,  it  would  be  desirable  to  test  a  sample  of  the  lubricating  oil  at  least 
once  every  two  or  three  months  for  signs  of  deterioration.  If  the  power  source  is 
not  to  be  exercised  frequently,  it  would  be  feasible  to  replace  the  operational 
lubricating  oil  with  a  preservative  oil  which  would  have  a  much  longer  storage  life. 
A  few  spare  parts  such  as  fuel  injectors,  fuel  pumps,  fuel  and  oil  filter  elements, 
and  water  pumps  would  be  handy  to  have.  A  semiskilled  technician  with  proper 
instruction  could  replace  any  of  these  parts  in  the  event  of  a  failure  during  an 
esMtgency . 


Safety  and  Human  Comfort 

The  noise  level  in  the  engine  room,  particularly  with  the  larger  installa¬ 
tions,  will  be  fairly  high.  Hotrever,  it  should  not  be  difficult  to  reduce  the 
fraction  of  the  noise  which  reaches  the  occupied  spaces  of  the  shelter  to  an 
acceptably  low  value.  Simple  and  inexpensive  approaches  to  accomplishing  this 
include  acoustic  treatment  of  wall  and  ceiling  surfaces  inside  the  engine  room, 
double-wall  construction  of  the  engine  room  enclosure,  seals  around  all  doors  and 
other  access  openings  betireen  the  engine  room  and  the  occupied  spaces,  and  separa¬ 
tion  of  the  occupied  space  from  the  engine  room  by  buffer  spaces  such  as  equipment 
and  supply  rooms. 

Diesel  fuel  is  not  hi^ly  flammable  and,  consequently,  it  does  not  present 
a  very  serious  fire  hasard.  Diesel  exhaust  gases  are  objectionable  from  the  stand¬ 
point  of  odor,  but  they  are  not  toxic.  Most  diesel  engines  are  provideu  with  high 
water  traperature  and  low  tMter  pressure  cutoff  devices  tihich  sound  an  alarm  and/or 
cut  off  the  engine  when  a  previously  established  maximum  operating  point  has  been 
reached.  An  overspeed  cutoff  device  can  also  be  provided. 


Econoalcs 


Figure  II  shows  approximate  purchase  prices  of  diesel  engines  in  the  5> 
to  500-hp  range.  These  data  %rere  obtained  for  engines  supplied  for  electric 
generator  service.  This  is  a  highly  competitive  field.  The  same  trend  of  higher 
specific  values  for  smaller  sise  units  appears  in  these  curves  as  in  the  curves  of 
the  previous  two  figures.  The  coat  of  installation  of  these  engines  can  be 
expected  to  add  between  10  and  30  per  cent  to  the  purchase  price  figures  shown  in 
Figure  11.  The  larger  the  engine,  the  greater  trill  be  the  coat  of  installation. 
Fuel  cost  for  a  diesel  engine  will  be  quite  nominal  for  the  expected  two*week 
emergency  period.  For  example,  a  two-week  aupply  of  No.  2  diesel  fuel  for  a  100-hp 
engine  would  cost  about  $300. 
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Rated  Power,  hp 


FIGURE  11.  APPROXIMATE  PURCHASE  PRICES  OF  DIESEL  ENGINES 
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SpTk»Igoition  Englpea 


Spark-ignition  engines  ere  carbureted  engines  connonly  using  gasoline  as 
a  fuel.  Hoifever,  they  are  also  availabl'  for  gas  operation  on  natural  gas,  manu¬ 
factured  gas,  or  liquified  petroleum  gaa  (LPG) .  The  familiar  automobile  engine  is 
a  gasoline  spark-lgnltlon  engine.  Industrial  gasoline  (or  gas)  engines,  however,  ar( 
more  conaervatlvely  designed  and  rated  than  autoisobile  engines  for  longer  service. 
Spark-ignition  engines  are  available  In  as  many  different  forma  as  are  diesel 
enginaa,  l.e.,  air  and  water  cooled,  two  ^ad  four  cycle,  naturally  aspirated, 
supercharged,  and  turbocharged.  Two-cycle  spark-ignition  engines  are  not  often 
uaed  In  industrial  service  In  slses  greater  than  about  10  or  15  hp  because  of 
their  relatively  short  life  and  poor  speed  regulation.  Supercharged  and  turbo¬ 
charged  spark-lgnltlon  engines  are  also  not  very  widely  used  in  industrial  service 
because  of  associated  hlgh-temperature  problems. 

Figures  12  and  13  show  typical  specific  volume  and  %»eight  data  for  gaso¬ 
line  and  1^  engines  In  the  5-  to  500-hp  range.  These  data  represent  only  the  four¬ 
cycle  naturally  aspirated  air-  and  water-cooled  spark-ignition  engines,  as  the  other 
types  are  not  considered  applicable  for  stand-by  auxiliary  power  systems  because  of 
the  probleaui  of  short  life,  poor  speed  regulation,  and  high  temperatures  mentioned 
In  the  preceding  paragraph. 

Spark-lgnltlon  engines  up  to  500  hp  are  designed  to  operate  at  rated 
speeds  from  1200  to  3600  rpm.  Industrial  gasolln*  engines  in  this  power  range  are 
available  as  followa: 


Two-cycle,  alr-coolcd,  naturally  aspirated  l-IO  hp 
Four-cycle,  air-cooled,  naturally  aspirated  1-70  hp 
Four-cycle,  water-cooled,  naturally  aspirated  3-500  hp 

Industrial  LPG  engines  in  this  power  range  are  available  as  follows; 

Two-cycle,  water-cooled,  supercharged  350-500  hp 
Four-cycle,  air  cooled,  naturally  aspirated  2-70  hp 
Four-cycle,  water-cooled,  naturally  aspirated  A-500  hp 
Four-cycle,  water-cooled,  turbocharged  225-500  hp 


Far f ormance  and  Control 


Figures  14  and  15  show  specific  fuel  coosuepti^.i  and  coobustion-alr 
requirements  for  spark-lgnltlon  engines  in  the  5-  to  500-hp  range.  These  data 
show  the  IFG  engine  to  be  slightly  more  economical  Ip  fuel  consuaq>tlon  than  the 
gasoline  engine,  particularly  In  the  larger  aises. 

Spark-lgnltlon  engines  are  about  as  sensitive  to  IntaVe  and  exhaust 
conditions  aa  diesel  engines,  and  they  require  approximately  1  ,>er  cent  derating 
for  each  10-degree  temperature  rise  In  the  Intake  air  above  60  F  and  4  per  cent 
derating  for  each  1,000  feet  of  altitude. 


specific  Weight,  lb  per  hp  Specific  Volume,  ft^per  hp 
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FIGURE  12.  SPECIFIC  VOLUME  OF  GASOLINE  AND  LPG  ENGINES 


riGURS  13.  SPECIFIC  WEIGHT  OF  (iASOLINE  AND  LPG  ENGINES 


Combustion  Air  FIom,  cfm  per  hp  Specific  Fue!  Consumptio 


CURE  14.  SPECIFIC  FUEL  CONSUMPTION  OF  GASOLINE  AND  IPG  ENGINES 


FIGURE  15.  COMBUSTION  AIR  REQUIRED  FOR  GASOLINE  AND  LPG  ENGINES 
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Spark-ignition  engine  manufacturers  generally  publish  three  power  output 
ratings  for  their  engines.  As  in  the  case  of  the  diesel  engines,  these  are: 
co.-'tinuous-duty  rating,  intermittent-duty  rating,  and  maximum  rating.  These  power 
output  ratings  for  spark-ignition  engines  may  not  be  quite  as  conservative  as  chose 
for  diesel  engines;  however,  It  is  probable  chat  a  well-designed  and  adequately 
cooled  spark-ignition  engine  could  be  operated  continuously  at  the  intermittent- 
duty  rating  with  only  a  reduction  in  the  total  service  life. 

Speed  and  load  control  systems  for  spark-ignition  engines  are  simple  and 
reliable  as  long  as  the  regulation  requirements  are  not  strict.  A  speed  variation 
of  ±  5  per  cent  would  be  relatively  easy  to  achieve.  Manual  controls  provided  with 
Spark-Ignition  engines  include  an  on-off  switch,  a  starting  button,  a  throttle 
control,  a  choke  control,  and  sometimes  a  spark-advance  control. 


Installaticn 


Installation  of  apark-ignition  engines  for  emergency  stand-by  power  should 
follow  the  same  pattern  as  for  diesel  engines.  All  but  the  very  smallest  engines 
should  be  mounted  on  vibration  dampers  and  on  a  base  or  blocks  at  a  level  higher 
than  the  floor  level  for  convenience,  of  servicing  and  maintenance.  For  the  larger 
engines,  the  base  should  be  isolated  from  the  rest  of  the  engine  room  floor.  At 
least  2  feet  of  space  should  be  provided  all  around  the  engine.  The  engine  should 
be  located  in  the  engine  room  convenient  to  the  fuel  supply,  exhaust  outlet,  and 
ventilating  air  outlet. 

The  ventilation  air  requirements  for  spark-ignition  engines  are,  if  any¬ 
thing,  greater  than  those  for  the  diesel  engines.  Radiation  and  miscellaneous 
heat  losses  from  spark-ignition  engines  tend  to  be  higher  relative  to  the  power 
output  than  with  diesel  engines.  The  engine  room  ventilation  air  does  not  have  to 
be  filtered  as  the  engine  should  be  supplied  with  its  own  combustion  air  filters, 
and  fallout  particles,  if  present,  are  not  expected  to  affect  the  performance  of 
the  engine  in  any  measurable  way  for  the  duration  of  the  emergency  period.  Care 
should  he  taken  in  protecting  the  above-ground  inlet  and  discharge  vents  from 
damag''  by  falling  debris  or  vandalism.  The  ventilation  air  Inlet  and  discharge 
openings  inside  the  engine  rocm  should  be  on  opposite  walls  to  prevent  short 
circuiting.  A  flexibly  mounted  duct  should  be  provided  between  an  engine -mounted 
radiator  and  the  discharge  opening  in  the  engine  room  wall  to  prevent  recirculation 
of  the  cooling  air.  The  flexible  duct  will  prevent  engine  vibration  from  being 
transmitted  to  the  wall  and  wll’  protect  the  duct  from  fatigue  failure  due  to 
vibration. 


Gasoline  fuel  is  significantly  more  volatile  than  diesel  fuel  and, 
consequently,  represents  a  greater  fire  and  explosion  hazard.  Local  codes  may 
seriously  restrict  the  use  of  gasoline  fuel  in  souie  community  shelters.  These 
codes  should  be  followed  rigidly  where  possible,  but  it  may  be  necessary  to 
obtain  permission  for  exceptions  or  compromises.  Aside  from  the  need  for  greater 
caution  in  handling  the  fuel,  gasoline  engine  fuel  system  cortponents  external  to 
the  engine  would  be  similar  to  diesel  engine  fuel  system  components. 

The  use  of  LPG  fuel  may  also  be  in  conflict  with  code  restrictions.  The 
fumes  from  LPG  fuel  are  also  highly  explosive  and  a  fire  hazard.  In  addition,  LPG 
fuel  is  stored  under  reloi ively  high  pressure  which  requires  additional  safety 
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precautlons.  Agaln^  the  local  codes  should  be  followed  wherever  po  slble  ar:d 
exceptions,  lAiere  necessary,  workt^d  out  In  advance  with  local  authorities. 

Gasoline  end  LPG  engine  exhaust  gases  are  toxic;  consequently,  the 
exhaust  system  of  the  spark-ignition  engines  will  have  to  be  Installed  with  care 
to  avoid  any  possibility  of  leaks.  In  other  respects  the  same  exhaust  system 
requirements  which  apply  to  diesel  engines  also  apply  to  spark-ignition  engines. 


Maintenance 


Gasoline  engines  are  not  designed  for  as  long  a  service  life  as  diesel 
engines.  On  the  other  hand,  LPG  engines,  because  of  the  cleaner  buri.ing  character¬ 
istics  of  the  fuel,  could  be  expected  to  have  about  as  long  a  service  life  as  the 
diesel  engines.  The  industrial-type  gasoline  engine,  even  considering  its  sLortar 
service  life,  is  not  expected  to  require  any  maintenance  during  the  ieiatively 
brief  emergency  period.  The  maintenance  problems  which  may  be  encountered  during 
stand-by  will  be  due  mainly  to  the  effects  of  long-term  storage  on  the  fuel  system, 
lubricating  system,  cooling  system,  and  starting  system.  These  problems  will  be 
similar  to  those  encountered  with  diesel  engines  and  they  are  discussed  in  later 
sections  of  this  report. 


Safety  and  Human  Comfort 


The  noise  level  in  the  engine  room  will  be  slightly  lower  with  spark- 
ignition  engines  than  with  diesel  engines.  However,  the  noise  level  will  be  great 
enough  to  warrant  using  the  same  techniques  for  sound  absorption  and  attenuation 
as  were  suggested  for  the  diesel  engines.  Gasoline  and  LPG  fuels,  as  was  pre¬ 
viously  mentioned,  are  more  dangerous  than  diesel  fuel  from  the  standpoint  of  fire 
and  explosion  hazards.  Also,  as  previously  mentioned,  the  spark-ignition  engine 
cudiaust  gases  are  toxic  while  the  diesel  engine  exhaust  gases  are  not.  Spark- 
igttltloc  engines  are  provided  with  safety  devices  similar  to  those  on  diesel 
engines  such  as  high  water  temperature  and  low  water  pressure  cutoff  devices.  In 
addition,  as  with  the  diesel,  spark-ignition  engines  can  be  provided  with  overspeed 
cutoff  devices. 


Economic? 


Figure  16  shows  approximate  purchase  prices  of  spark-ignition  engines  in 
the  3-  to  500-hp  range.  These  data  were  obtained  for  engines  supplied  for  electric 
generator  service.  Altaough  spark-ignition  engines  are  smaller  and  lighter  than 
diesel  engines  of  the  same  power  output,  the  cost  of  installation  is  not  expected 
to  be  significantly  different.  Fuel  costs  for  spark-ignition  engines  will  be 
approximstely  twice  as  great  as  for  diesel  engines.  A  two-week  supply  of  gasoline 
for  a  100-hp  power  source  would  cost  about  $600,  and  a  two-week  supply  of  LPG  fuel 
would  cost  about  $550. 
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FIGURE  16.  APPROXIMATE  PURCHASE  PRICES  OF 
GASOLINE  AND  LPG  ENGINES 


Brief  consideration  was  given  during  this  study  to  using  replacement 
automobile  engines  as  prime  movers  because  the  automotive  industry,  with  its  mass 
production,  produces  engines  probably  for  as  low  a  manufacturing  cost  as  could  be 
found  anywhere.  Therefore,  two  manufacturers  of  gasoline  engines  for  both 
industrial  and  passenger-car  use  were  consulted  for  the  over-the-counter  prices 
and  the  recommended  continuous -duty  ratings  of  equivalent  industrial  and  passenger- 
car  engine  models  for  auxiliary  power  use.  However,  the  quoted  total  prices  were 
within  a  few  dollars  of  each  other  and  the  continuous -duty  power  ratiiigs  were 
within  a  few  horsepower  of  each  other  for  the  same  basic  engine  model. 

Gas  Turbines 

The  gas  turbine  is  not  a  new  power  source  technologically,  but  only 
recently  have  gas  turbines  been  put  to  commercial  use  other  than  in  aircraft.  The 
chief  advantage  of  the  gas  turbine  is  high  power  from  a  small  package.  This  explains 
the  successful  aircraft  application.  However,  basic  simplicity  and  potential 
reliability  are  gas  turbine  characteristics  which  are  playing  a  large  role  in  the 
trend  to  more  widespread  commercial  application. 


-29- 


Gas  turbines  have  been  made  in  many  types  and  forms,  but  for  community 
shelter  prime  mover  application  only  single-shaft  or  split-shaft  (free  power  tur’  Ine 
and  regenerative  or  nonregeneratlve  configurations  need  be  considered. 

Figures  17  and  18  show  typical  specific  volume  and  weight  data  for  gas 
turbines  up  to  500  shaft  hp  output  of  the  type  most  applicable  to  connunlty  shelter 
auxiliary  power  systems.  These  data  represent  turbines  which  are  now  or  soon  will 
be  available  commercially. 

Very  few  gas  turbines  are  actually  In  production  at  present.  Moreover, 
those  that  are  available  usually  are  intended  for  specific  military  or  defense 
applications.  Therefore,  it  Is  not  very  meanlr.olui  to  discuss  speed  and  size 
ranges  available  except  in  a  general  way.  The  turbine  power  shaft  rotates  at 
30,000  to  50,000  rpm;  consequently,  gear  reduction  units  are  necessary  to  provide 
useable  output  shaft  speeds.  Gas  turbines  as  small  as  25  shaft  hp  are  listed  as 
available,  and  many  units  over  500  hp  are  actually  In  service. 


Performance  and  Control 


Figures  19  and  20  show  specific  fuel  consumption  and  combustion  air 
requirements  for  gas  turbines.  These  data  are  considerably  less  reliable  than  the 
similar  data  for  compression-ignition  and  spark-ignition  engines  because  only  rela¬ 
tively  few  gas  turbines  of  eac'^  of  the  many  available  model  types  have  been  tested 
In  actual  commercial  service. 

Gas  turbines  are  more  sensitive  to  Intake  and  exhaust  conditions  than 
either  conq>resslon-lgnitlon  or  spark-ignition  engines.  According  to  data  from 
several  manufacturers,  an  average  derating  for  ambient  temperature  Is  6  per  cent 
per  10-F  rise  and  for  altitude  (or  Intake  pressure)  4  per  cent  per  1,000  feet. 

The  single-shaft  gas  turbine  Is  the  more  responsive  to  speed  and  load 
changes  and  Is  the  more  easily  governed.  The  split-shaft  turbine,  however,  can  be 
more  easily  started  without  decoupling  the  load,  and  is  more  adaptable  to  a  wide 
variation  In  output  speed.  The  control  system  of  a  gas  turbine  is  relatively 
simple  and  Is  frequently  automated  so  that  the  operator  can  merely  push  the  start 
button.  A  governor  In  the  fuel  system  controls  the  fuel  feed  according  to  the 
load  demand  for  a  given  constant  shaft  speed. 


Installation 


Gas  turbines  are  Inherently  vibration-free  and,  therefore,  they  can  be 
very  easily  mounted  with  a  minimum  of  isolation  equipment.  At  least  2  feet  of 
space  should  be  provided  around  the  turbine  for  convenience  of  servicing  and  main¬ 
tenance.  The  turbine  should  be  located  convenient  to  the  fuel  supply,  exhaust 
outlet,  and  ventilation  air  outlet. 

Radiation  and  miscellaneous  heat  losses  for  a  gas  turbine  will  be  higher 
in  proportion  to  the  power  output  than  for  compression-  and  spark-ignltlon  engines 
unless  the  radiating  surfaces  are  well  Insulated.  It  la  more  common  practice  to 
provide  this  Inaulatlon  with  gas  turbines  than  with  piston  engines  because  of  the 
aimpler  shape  and  smaller  else  of  the  gas  turbine.  Gas  turbines  require  5  to  8 


Combustion  Air  Flow,  cfm  per  hp  Specific  Fuel  Consumption,  lb  per  hp-hr 


-31- 


FIGURE  19.  SPECIFIC  FUEL  CONSUMPTION  OF  GAS  TURBINES 


FIGURE  20.  COHBUSTION  AIR  REQUIRED  FOR  GAS  TURBINES 


tlires  as  much  combustion  air  as  piston  engines;  consequently,  the  ventilation  air 
requirement  for  a  gas  turbine  prime  mover,  even  with  insulation,  would  be  greater 
than  for  a  piston  engine  prime  mover  unless  an  air>cooled  radiator  or  condenser 
ware  used  in  the  engine  room  for  the  piston  engine. 

Furl  system  requirements  for  a  gas  turbine  would  be  similar  to  those 
for  compression-ignition  and  spark>ignition  engines.  Gas  turbines  are  capable  of 
burning  any  liquid  or  gaseous  fuel.  The  use  of  leaded  gasoline  requires  special 
preparation  and  equipment  tc  combat  lead  deposits  and  corrosion.  (1^)  For  gaseous 
fuel  an  injection  pressure  of  60  to  120  psig  is  required.  LPG  fuel  can  probably 
fulfill  this  requirement  under  normal  storage  and  supply  conditions;  however,  if 
the  supply  pressure  at  the  turbine  is  too  low,  a  turbine >driven  gas  compressor  can 
'  a  provided. 

The  exhaust  gases  from  a  gas  turbine  are  relatively  nontoxic  and  contain 
2  per  cent  or  less  of  C02*  The  exhaust  duct  and  the  discharge  opening  for  a  gas 
turbine  p«‘ime  mover  must  be  large  compared  with  those  for  piston  engines  because  of 
the  cone .devably  greater  quantities  of  air  handled. 


Maintenance 


No  maintenance  requirement  is  anticipated  for  a  gas  turbine  during  an 
emergency  operating  period.  The  stand-by  maintenance  requirements  of  gas  turbines 
would  be  significantly  less  than  those  of  piston  engines  because  of  the  design 
simplicity  and  the  lack  of  rubbing  parts.  Protection  of  surfaces  from  corrosion  is 
still  desirable  but  not  critical.  The  lubrication  system  of  a  gas  turbine  should 
be  prepared  for  storage  by  replacing  the  operational  lubricant  with  a  preservative 
and  distributing  the  preservative  throughout  the  system.  Preservative  should  also 
be  sprayed  into  the  combustor  and  on  the  turbine  and  compressor  blades. 


Safety  and  Human  Comfort 


The  noise  level  with  a  gas  turbine  should  be  no  greater  than  with  a 
piston  engine  if  proper  noise  attenuation  equipment  Is  provided.  The  simplest 
approach  to  gas  turbine  noise  reduction  is  to  completely  duct:  the  inlet  and  exhaust 
flows,  to  provide  at  least  one  elbow  to  each  duct,  to  thoroughly  insulate  the 
ducts,  and  •‘o  direct  the  duct  openings  vertically.  The  cost  of  silencing  a  gas 
turbine  would  be  slightly  greater  than  with  plsccn  engines  because  the  ducting 
Is  generally  fairly  large  and  must  be  practically  cuatjwj -built  for  each  installa¬ 
tion. 

Gas  turbines  are  provided  safety  shutdown  devices  for  overspeed, 

overtemperature,  low  oil  pressure,  and  high  oil  temperature.  The  usual  hazards 
associated  with  the  different  fuels  applies  for  gaa  turbines  as  for  piston  engines. 
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BcooobIci 


Figure  21  ehowe  approxlMte  purchase  prices  of  gas  Curblnes  in  the  5-  to 
500-hp  range.  These  data  were  obtained  directly  from  isanufacturers  and  reflect 
present  low-volune  production.  Sone  isanufacturers  predicted  *'itur^  high-voluute 
production  and,  consequently,  future  purchase  prices  about  t  ha  f  or  a  third  of 
the  prices  given  in  Figure  21.  Installation  coats  of  gas  turbines  would  be  very 
small  with  the  exception  of  the  coat  of  silencing.  A  two-week  supply  of  fuel 
(assuming  No.  2  diesel  oil)  for  a  100-hp  gas  turbine  power  source  woul  cost  about 
$670  if  a  regenerative  turbine  was  used  and  $1,000  if  a  non-reger  rative  turbine 
was  used. 


FIBOU  21.  AFFtOKIMATB  PUtCHASE  PRICES 
or  GAS  TUBimS 
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Steam-Poyered  Prime  Movers 


The  steam-powered  prime  mover  was  considered  in  this  study  because  it 
ordinarily  is  included  in  the  category  of  conventional  power  sources.  However,  it 
is  not  conventionally  used  in  the  relatively  low  power  range  being  considered  for 
community  shelters.  Complete  steam  powver  systems  are  most  frequently  found  in 
large  public  utility  power -gene rat ion  stations.  The  chief  advantages  of  steam- 
powered  prime  movers  over  other  prime  movers  in  this  application  are;  the  ability 
to  burn  cheap  solid  fuels  such  as  coal,  the  lack  of  stringent  practical  size 
limitations,  and  the  extremely  long  operating  life. 

Upon  critical  examination  of  these  general  advantages  it  becomes  apparent 
that  not  one  of  them  is  a  particular  advantage  with  respect  to  comnunlty  shelter 
application.  It  is  significant  that  steam  power  has  not  been  widely  used  except  in 
central  power  stations  and  ship  propulsion  systems  where  large  power  capacity,  long 
life,  and  operating  economy  are  governing  factors.  However,  this  is  not  sufficient 
reason  to  rule  out  the  steam  system,  therefore,  an  investigation  of  the  suitability 
of  steam  power  for  use  in  community  shelter  auxiliary  power  systems  was  conducted. 
This  investigation  %«as  brief  however,  because  the  results  weighed  heavily  against 
’’he  use  of  steam  po%fer  in  a  community  shelter. 

The  steam-po%fered  prime  mover  was  not  studied  in  great  detail.  In  the 
following  discussion  the  steam-powered  prime  mover  is  compared  directly  with  a 
diet  el  engine  on  the  basis  of  the  items  considered  most  important  in  a  community 
shelter  application.  The  material  to  be  covered  does  not  lend  itself  to  organiza¬ 
tion  in  the  previous  pattern  of  discussion  under  five  major  headings  (e.g.,  perfor- 
oiance  and  control) . 


A  Repiesentative  System 


A  typical  or  represencatlve  steam  power  system  includes  several  basic 
c'^mponents;  a  steam  generator,  a  steam  engine,  a  condenser,  and  condensate  and 
boiler  feedwater  pumps.  In  addition,  it  is  sometinws  necessary  to  provide  a  fairly 
excensive  control  system,  a  make-up  water  chemical-treatment  system,  high-  and  low- 
pressure  steam  and  water  piping,  and  heat-recovery  equipment  to  maintain  an 
acceptable  over-all  thermal  efficiency. 

The  steam  generator  is  a  combined  boiler,  burner,  and  coisbusclon  chadber. 
This  generator  alone  might  be  equal  in  size  and  freight  to  a  piston  engine  and 
significantly  larger  than  a  gas  turbine  of  comparable  power  output.  The  engine 
itself  might  be  a  piston  type  or  turbine  type,  the  latter  being  more  frequently 
used  for  medium  and  large  installations.  The  condenser  would  probably  be  approxi¬ 
mately  the  same  size  as  the  engine,  and  together  they  might  be  about  equal  in  size 
and  weight  to  the  steam  generator. 


I 
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A  steam  system,  In  addition  to  being  about  twice  as  bulky  and  heavy  as  a 
diesel  engine,  would  comprise  at  least  two  approximately  equal-slze  units  end  would 
require  nearly  twice  the  shelter  floor  space  for  adequate  servicing  and  In’tpection 
clearance.  Complete  steam  power  systems  are  not  readily  available  in  a  very  wide 
range  of  sizes,  Pereas  diesel  engines  can  be  obtained  in  a  great  variety  of  power 
outputs , 


A  shelter-sized  steam  system  wuld  consume  about  50  per  cent  more  fuel  by 
weight  than  the  diesel  system  if  the  same  fuel  were  used  with  each.^^>^^  Thus,  the 
fuel  cost  would  be  about  30  per  cent  higher.  Coal  as  a  fuel  for  the  steam  system 
trauld  appear  to  be  attractive  from  the  standpoint  of  economy  and  resistance  to  age 
deterioration.  Also,  coal  would  actually  require  very  little  more  storage  space 
than  fuel  oil  because  of  its  high  density.  However,  the  equipment  necessary  for 
automatic  and  reliable  handling  of  the  coal  would  be  extremely  expensive.  The 
steam  system  would  require  more  combustion  air  then  the  diesel  engine  to  match  the 
higher  fuel  consumption.  More  cooling  water  (or  air)  for  the  condenser  would  also 
be  required  with  the  steam  system. 

The  steam  system  would  be  less  sensitive  to  ambient  temperature  and 
pre8.3ure  conditions  than  the  diesel  engine,  because  the  combustion  air  would  be 
fuppiied  by  a  blower  which  could  be  oversized  without  a  very  significant  cost 
penalty.  The  steam  system  is  superior  to  the  diesel  engine  with  respect  to  noise 
and  vibration.  A  steam  power  system  will  not  contribute  significantly  to  the  noise 
level  in  the  shelter;  hence,  it  will  require  no  acoustical  treatment  of  the  engine 
room. 


The  control  requirements  with  steam  systems  are  considerably  more  critical 
than  those  with  diesel  engines  because  of  the  explosion  hazard.  A  partial  listing 
of  necessary  controls  includes:  automatic  combustion  controls,  feed-water  regulator, 
draft  reguls^or,  steam  pressure  regulator,  turbine  steam  flow,  and  speed  control. 

A  steam  power  system  is  less  adaptable  to  completely  automatic  ope' Ion,  and  more 
experienced  persons  are  required  to  service  and  operate  steam  systems  than  diesel 
engines.  The  safety  devices  usually  provided  Include:  low-water  fue"  cutoff, 
overpressure  cutoff,  safety  and  blowdown  valves,  and  flame-out  prote^-tlon. 

Installation  of  a  steam  system  would  be  more  costly  and  complex  than 
installation  of  a  diesel  engine  because  of  the  separate  units  and  the  piping  which 
is  generally  custom-built  at  the  site.  The  same  or  similar  maintenance  problems 
would  be  faced  with  a  steam  system  as  trich  a  diesel  engine.  The  purchase  price  of 
a  staam  system  would  probably  be  greater  than  twice  that  of  a  diesel  engine, 
particularly  In  the  very  siwsll  sizes. 

The  steam  power  system  presents  so  few  advantages  for  coonunlty  shelter 
application  and  so  many  serloua  disadvantages  that  it  does  not  warrant  being  con- 
•Iderad  any  further  in  this  report.  Therefore,  the  following  diecusslons  of 
auxiliary  components,  aystems,  and  requirements  for  the  total  auxiliary  power 
system  will  be  based  on  the  assumption  that  either  a  coi^resslon-ignit..on  engine, 
a  apark-lgnltion  engine,  or  a  gas  turbine  would  be  used  as  the  prime  mover. 
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SIARTING  SYSTEMS 


All  of  the  prime  movers  considered  practical  for  shelters  require  some 
type  of  externally  powered  starting  device.  This  external  power  may  be  In  the  form 
of  manual  energy  or  stored  electric,  pneumatic  or  hydraulic  energy,  or  stored  chemi¬ 
cal  energy  as  In  the  case  of  a  pilot  engine.  The  manual  ehergy  can  be  used  directly 
to  crank  the  engine  or  It  can  be  used  In  a  stored  energy  system.  Although  manual 
stored  energy  systems  are  not  commercially  available,  they  are  attractive  f  r  shel¬ 
ter  use  from  the  standpoints  of  cost,  maintenance,  and  reliability.  Electric, 
pneumatic,  and  hydraulic  systems  are  commercially  available  for  the  types  and  size 
range  of  prime  movers  considered  practical.  Pilot  engines  are  available  for  only 
a  limited  range  of  larger  prime  mover  sizes  and  types.  Because  of  this  they  were 
not  considered  further  In  this  study. 


Electric  Starting 


Figure  22  Is  a  schematic  illustration  of  an  electric  starting  system. 
Bottery  chorger--^ 


FIGURE  22.  ELECTRIC  STARTING  SYSTEM 
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The  major  components  of  this  system  are;  (1)  batteries,  (2)  starting  switch  and 
solenoid,  (3)  cranking  motor,  (4)  battery  charger,  and  (5)  regulator.  All  of  this 
equipment  is  readily  available  conmercially  for  either  12-  or  24-volt  systems.  The 
12 -volt  systems  would  be  used  with  the  smaller  prime  movers  and  the  24-volt  sys¬ 
tems  with  the  larger. 

The  batteries  are  the  most  critical  component  of  an  electric  starting 
system.  In  fact,  the  primary  maintenance  requirement  is  to  maintain  the  batteries 
at  or  near  full  charge  at  all  times.  The  illustration  shows  two  alternative  means 
for  maintaining  battery  charge:  (1)  commercial- power  battery  charger  and  (2) 
engine-driven  charging  generator,  A  system  may  require  one  or  the  other  of  these 
methods  or  both  together.  The  engine-driven  charging  generator  will  be  useful  if 
frequent  periodic  exercising  of  the  power  source  is  planned.  The  batteries  could 
probably  be  maintained  at  full  charge  by  this  means  if  the  prime  mover  were  exer¬ 
cised  at  least  once  a  month  for  a  period  of  not  less  than  2  hours  each  time.  If 
less  frequent  exercising  is  planned,  or  if  a  greater  relicbility  of  starting  is 
essential,  a  commercial -power  battery  charger  should  be  inrluded  in  the  starting 
system  along  with  the  engine-driven  charging  generator. 

Four  principal  types  of  commercial -power  battery  chargers  are  available: 
(1)  trickle  charger,  (2)  variable-rate  charger,  (3)  two-rate  charger,  and  (4)  high- 
rate  charger.  The  trickle  charger  supplies  a  low  charging  currant  at  a  constant- 
voltage  potential.  Consequently,  the  battery  cannot  be  overcharged  under  normal 
conditions.  However,  a  considerable  length  of  time  is  required  for  charging  a  dis¬ 
charged  battery. 

With  the  variable-rate  charger  the  charging  cycle  begins  at  a  high  rate, 
depending  on  the  battery  potential.  The  rate  tapers  off  as  the  battery  becomes 
charged  until  a  constant  rate  equivalent  to  that  of  the  trickle  charger  is  reached. 
With  the  two-rate  charger,  the  charging  cycle  also  begins  at  a  high  rate.  After 
a  certain  battery  potential  has  been  reached  the  charger  switches  to  a  low  rate. 

The  high-rate  charger  charges  at  a  high  rate  for  a  short  predetermined  Interval. 

It  is  then  switched  off  automatically  and  remains  off  until  the  specific  gravity 
of  the  battery  electrolyte  falls  below  a  minimum  safe  value.  Then  the  charging 
cycle  is  again  triggered. 

The  battery  most  commonly  used  in  emergency  standby  power  systems  is  the 
lead-acid  wet-cell  battery.  This  battery  has  a  potential  life  of  3  to  15  years, 
depending  on  the  quality  of  manufacture  and  materials  and  on  the  means  of  maintain¬ 
ing  the  charge.  Although  it  is  very  bulky,  it  is  the  least  expensive  of  the  com¬ 
mercially  available  batteries  capable  of  providing  the  high  rates  of  discharge 
required  for  starting  large  diesel  engines,  A  sealed  lead-acid  wet-cell  battery 
has  recently  become  commercially  available.  Being  sealed  it  would  require  signifi¬ 
cantly  less  standby  maintenance  than  the  unsealed  type.  However,  it  is  presently 
limited  to  very  low  rates  of  discharge.  Lead-acid  wet-cell  batteries  are  also 
available  as  dry  charge  batteries,  i.e.,  the  electrolyte  is  stored  in  a  separate 
container  and  added  when  the  battery  is  put  in  service.  Dry  charge  batteries  have 
a  shelf  life  of  about  one  year  in  the  dry  state  and  require  a  charging  period  after 
the  electrolyte  is  added  to  ensure  that  they  will  deliver  rated  power.  All  lead- 
acid  wet-cell  batteries  lose  capacity  as  the  battery  temperature  decreases.  At 
0  F  the  capacity  is  reduced  by  50  per  cent  from  its  rated  capacity  at  80  F.'^' 
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Other  batteries  considered  in  this  study  are:  nickel-iron,  nickel- 
cadmium,  silver-zinc,  and  silver-cadmium.  The  nickel-iron  (Edison)  cells  are  very 
long  lived  batteries,  up  to  15  years  or  more,  and  are  extremely  reliable.  However, 
to  get  the  high  rates  of  discharge  required  for  engine  starting  a  particularly 
large  battery  is  required.  The  nickel-cadmium  battery  is  generally  considered  to 
be  more  reliable  than  the  lead-acid  battery  and  to  require  less  maintenance.  The 
estimated  life  of  the  nickel-cadmium  battery  is  15  to  25  years  and  the  cost  is 
about  four  times  that  of  the  lead-acid  battery.  The  nickel-cadmium  battery  is 
capable  of  producing  half  its  full-rated  capacity  at  about  -30  The  sealed 

nickel-cadmium  battery  is  in  the  same  category  as  the  sealed  lead-acid  battery. 

That  is,  it  is  significantly  more  reliable  and  requires  much  less  maintenance  than 
the  unsealed  nickel-cadmium  battery  but  it  is  not  capable  of  delivering  the  high 
rate  of  discharge  required  for  engine  starting.  Silver -zinc  and  silver-cadmium 
batteries  are  very  compact,  but  also  very  expensive  and  short  lived.  The  silver- 
zinc  battery  has  an  estimated  life  of  about  one  year;  the  silver-cadmium  battery 
has  an  estimated  life  of  about  5  years,  A  reserve-type  silver-zinc  battery  is  also 
available;  it  can  be  stored  a  great  many  years  in  the  dry  state.  Electrolyte  is 
added  when  the  cell  is  needed.  The  cell  is  discharged  during  use  and  is  not  re¬ 
chargeable,  At  the  present  time,  the  unsealed  lead-acid  and  nickel -cadmium  bat¬ 
teries  are  the  most  logical  choices  for  providing  power  for  electric  starting 
systems. 

Standby  maintenance  of  electric  starting  systems  Involves  maintaining  a 
charge  in  the  batteries,  inspection  of  components,  and  periodic  exercising  through 
a  starting  cycle.  Battery  charging,  the  most  critical  and  demanding  maintenance 
requirement,  has  already  been  discussed  in  some  detail.  Batteries  give  off  small 
quantities  of  explosive  and  toxic  gases  while  being  charged;  hence,  the  power  sys¬ 
tem  enclosure  should  be  periodically  checked  for  dangerous  concentrations  of  these 
gases  or  the  batteries  should  be  vented  to  the  atmosphere.  The  battery  condition 
can  be  evaluated  by  measuring  the  cell  voltages  and  the  specific  gravity  of  the 
electrolyte,  and  by  checking  for  corrosion  at  the  terminals,  for  liquid  leaks,  and 
the  electrolyte  level.  A  record  should  be  kept  of  battery  condition  so  that  any 
tendency  toward  deterioration  can  be  discovered  in  adequate  time  for  servicing  or 
replacement. 

The  other  major  components  of  the  electric  starting  system:  starting 
switches  and  solenoid,  cranking  motor,  and  voltage  regulator,  can  be  expected  to 
tolerate  long  idle  periods  without  deterioration.  This  tolerance  can  be  improved 
by  the  use  of  moisture-resistant  materials  or  by  maintaining  a  reasonably  dry  en¬ 
vironment  . 

The  Installed  costs  of  minimum  electric  starting  systems  vary  from  about 
$100  up  to  about  $600,  depending  on  the  size  and  type  of  prime  mover  and  on  the 
complexity  of  the  system.  Diesel  engines  require  slightly  more  expenisve  starting 
systems  than  f'asollen  and  LFG  engines  because  of  the  higher  cranking  energies  re¬ 
quired.  Gas  turbine  starting  systems  are  slightly  less  expensive  than  gasoline 
and  LFG  engine  starting  systems.  Greater  reliability  of  starting  can  be  obtained 
at  greater  cost  with  more  complex  battery  charging  equipment  and  with  a  greater 
number  of  batteries  in  the  system. 
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Hydraullc  Starting 

Figure  23  Is  a  schematic  Illustration  of  a  hydraulic  starting  system. 
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FIGURE  23.  HYDRAULIC  STARTING  SYSTEM 


Tlie  basic  components  of  this  system  are:  (1)  cranking  motor,  (2)  accumulators, 

(3)  filters,  (4)  reservoir,  (5)  charging  pump,  (6)  hand  pump,  and  (7)  hand  start¬ 
ing  valve.  Hydraulic  starting  systems  are  commercially  available  for  all  types 
cf  prime  movers  except  gas  turbines. 

The  maintenance  of  a  hydraulic  starting  system  Involves  merely  checking 
the  accumulator  pressure  and  exercising  through  a  starting  cycle.  An  engine- 
driven  charging  pump,  as  shown  In  the  Illustration,  Is  desirable  If  frequent  exer¬ 
cising  of  the  prime  mover  is  planned.  However,  a  separate,  electrically  driven 
charging  pump  Is  more  flexible  and  probably  slightly  more  reliable  In  maintaining 
the  system  pressure  during  standby.  The  working  pressure  for  hydraulic  starting 
systems  Is  usually  between  1000  and  3000  psl. 

Hydraulic  starting  systems  provide  very  high  cranking  speeds,  but  for 
only  very  short  times.  The  reserve  capacity  of  hydraulic  starting  systems  Is  quite 
limited;  a  large  number  of  accumulators  are  required  for  the  same  number  of  start¬ 
ing  stte8q>ts  that  could  be  supplied  by  Just  a  few  batteries.  However,  a  compen¬ 
sating  feature  is  that  the  system  can  ue  recharged  readily  by  hand.  Consequently, 
the  necessity  for  a  large  capacity  accumulator  Is  eliminated,  and  the  number  of 
starting  attempts  is  not  limited  by  the  equipment. 
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Hydraullc  starting  system  components  are  not  greatly  affected  by  tempera¬ 
ture,  moisture,  and  dirt.  Therefore,  they  are  easy  to  maintain.  The  life  of  the 
system  is  estimated  to  be  equal  to  or  greater  than  the  life  of  the  other  components 
of  the  auxiliary  power  system.  Hydraulic  starting  system  components  are  generally 
more  expensive  than  components  of  electric  starting  systems,  Mirimum  hydraulic 
starting  systems  range  in  cost  from  $400  to  $2,000,  depending  on  the  size  and  type 
of  power  source. 


Pneumatic  Starting 


Figure  24  is  a  schematic  Illustration  of  a  pneumatic  starting  system. 


The  basic  components  of  this  system  are:  (1)  cranking  motor,  (2)  starting  valves, 
(3)  air  receiver,  (4)  air  tanks,  and  (5)  air  compressor.  Pneumatic  starting  sys¬ 
tems  are  available  for  nearly  all  types  and  sizes  of  power  sources,  except  gas 
turbines.  The  pneumatic  starting  system  is  similar  to  the  hydraulic  starting  sys¬ 
tem  in  providing  a  high  cranking  speed  for  a  short  cranking  period.  The  working 
pressure  for  a  pneumatic  starting  system  Is  usually  between  100  and  150  psl. 

Standby  maintenance  for  pneumatic  starting  systems  involves  chiefly 
visual  checking  of  system  pressure  and  periodic  operation  through  a  starting  cycle. 
The  life  of  the  components  of  pneumatic  starting  systems  will  be  equal  to  or  great¬ 
er  than  the  life  of  the  other  major  components  of  the  auxiliary  power  systems. 

A  standard-size  air  receiver  tank  for  a  specific  prime  mover  would  pro¬ 
vide  only  about  30  seconds  of  starting  time.  Most  power  sources  operating  regu¬ 
larly  and  frequently  should  start  within  this  time.  However,  a  standby  power 
source  not  regularly  exercised  may  require  significantly  more  starting  time.  Con¬ 
sequently,  a  source  of  reserve  starting  power  must  be  provided  in  a  pneumatic 
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starting  flyntom,  A  typical  reserve  pover  source  is  illustrated  in  Figure  24  which 
shows  standard  commercial  compreased-nir  bottles.  The  210  cubic  feet  of  air  stored 
at  2000  psi  in  each  bottl''  would  increase  the  nonival  starting  period  by  30  to  90 
seconds.  Alternatively,  he  air  receiver  could  be  increased  in  size  to  provide 
additional  reserve  starting  power.  An  engine— driven  air  compressor,  as  Illustrated 
in  Figure  24,  would  be  satisfactory  for  maintaining  a  pressure  in  the  air  receiver 
during  standby  if  frequent  exercising  of  the  prime  mover  is  planned,  A  separate, 
electrically  driven  air  compressor  would  be  more  flexible  in  its  adaptability  to 
any  standby  maintenance  program,  but  would  also  be  slightly  more  expensive. 

The  estimated  cost  of  pneumatic  starting  systems  varies  between  $400  and 
$1,000,  depending  on  the  size  and  type  of  the  prime  mover,  the  complexity  of  the 
system,  and  the  amount  of  reserve  compressed  air  provided. 


Manual  Starting 


Manual  starting  systems  can  be  divided  into  two  categories:  (1)  direct 
such  as  a  hand  crank  or  rope  which  arc  commercially  available  and  (2)  stored  energy 
such  as  a  flywheel  or  falling  weight  which  are  not  commercially  available.  Because 
of  the  limitation  on  human  power  capacity,  application  of  the  direct  type  Is 
limited  to  small  engines.  The  limitation  on  human  power  capacity  does  not  apply 
to  the  stored  energy  typo,  and  therefore,  this  type  is  applicable  to  much  larger 
engines. 


A  manual  starting  system  must  be  designed  such  that  the  input  require-, 
ment  is  within  the  capability  of  an  average  man.  In  an  article  by  E,  S,  Krcndcl'^' 
test  results  arc  given  for  one-  and  two-handed  cranking  effort  for  short  periods 
and  for  bicycle-type  peddling  for  long  periods.  Hie  data  indicate  that  a  young 
man  can  sustain  about  0,6  hp  for  30  seconds  with  two-handed  cranking,  while  the 
upper  limit  of  human  energy  output  is  approxlnvitely  1  hp  sustained  for  5  minutes 
by  a  trained  racing  cyclist.  A  strong,  but  untrained  cyclist  can  maintain  about 
0,6  hp  for  the  same  length  of  time.  The  most  effective  crank  radius  Is  evidently 
the  largest  wWch  can  easily  bo  spanned,  and  this  appears  to  be  about  1  foot,  A 
typical  short-term  cranking  speed  la  about  80  rpm,  although  speeds  up  to  260  rpm 
were  recorded  at  low  loads.  It  appears  that  a  reasonable  standard  of  human  output 
for  the  purposes  of  this  study  would  be  two-handed  cranking  at  80  rpm  with  27 
pounds  average  tangential  force  applied  at  a  12-lnch  radius.  The  p-'ver  developed 
under  these  conditions  Is  about  0,41  hp,  and  It  should  be  sustainable  for  between 
1  and  2  minutes.  If  larger  outputs  are  required,  tandem  cranking  or  even  tandem 
peddling  could  bo  adopted.  Tlie  use  of  more  than  two  men  would  probably  get  into 
the  area  of  diminishing  returns  because  of  increased  complications  and  difficulty 
with  coordination  of  effort. 

In  addition  to  knowledge  of  human  power  capability  it  Is  also  necessary 
to  know  engine  motoring  torque  requirements.  Unfortunately,  low-speed  motoring 
torque  data  for  engines  are  difficult  to  obtain,  and  nearly  Impossible  to  calculate 
bocauHo  of  the  large  number  of  variables  Involved  such  as  oil  viscosity,  condition 
of  piston  rings,  bearing  clearances,  accessory  drives,  etc,  Informatloi^  for  this 
study  was  obtained  by  taking  nvtnufacturcr 's  maximum  torque  ratings  for  a  typical 
air  starter  and  multiplying  by  a  typical  12-1  pinlon-to-£lywhccl  ratio  to  get  an 
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estimated  maximum  starting  torque  at  tne  crank  shaft.  This  approach  should  yield 
fairly  conservative  values.  A  maximum  starting  torque  of  348  ft-lbs  was  estimated 
to  be  required  by  a  typical  100-hp  diesel  engine  which  was  selected  for  the  cal¬ 
culations  of  over-all  system  size  and  component  requirements  for  the  energy-storage 
starting  systems. 


Manual  Direct  Starting 


Manual  direct  starting  systems  are  inexpensive,  require  almost  no  main¬ 
tenance,  and  are  as  reliable  as  the  manpower  available  to  operate  them.  Rope 
starters  are  available  for  gasoline  engines  up  to  10  or  12  hp  and  for  diesel  en¬ 
gines  up  to  about  5  hp.  Hand-crank  starting  is  not  practical  for  gasoline  and  LPG 
engines  over  40  hp  and  for  diesel  engines  over  20  hp.  Gas  turbines  of  30  to  75 
hp  can  be  hand-crank  started  If  a  means  is  provided  to  unload  the  compressor  during 
the  cranking  period.  A  hand  crank  could  be  provided  as  an  emergency  starting  means 
even  for  prime  mover  sizes  that  are  normally  considered  too  large  for  hand  start¬ 
ing,  this  would  provide  a  last  resort  possibility  In  the  event  the  main  starting 
system  failed  to  start  the  engine.  A  hand-crank  starting  system  would  have  to  be 
suitably  constructed  to  be  of  any  real  value.  For  example,  the  crank  should  be 
supported  In  good  quality  bearings  and  should  have  a  long  and  comfortable  handle. 


Manual  Energy-Storage  Starting 


Three  manual  energy-storage  starting  methods  were  Investigated  during 
this  study:  (1)  flywheel,  (2)  falling  weight,  and  (3)  spring.  None  of  these  were 
found  to  be  commercially  available  In  any  form,  but  all  are  considered  feasible. 

All  the  systems  offer  high  reliability,  low  maintenance  requirements,  and  reasonably 
low  first  cost.  The  flywheel  system  would  probably  require  the  least  amount  of 
floor  space.  The  spring  and  falling  weight  systems  would  be  more  efficient.  The 
falling-weight  system  would  have  the  shortest  activation  time  or  require  the  least 
time  to  develop  enough  energy  for  a  single  starting  attempt.  However,  the  acti¬ 
vation  time  for  all  three  systems  probably  would  not  exceed  2  or  3  minutes. 


Flywheel-Type  Energy -Storage  Start InK.  Figure  25  Is  a  schematic  Illus¬ 
tration  of  a  flywheel-type  energy-storage  starting  system.  The  system  Is  shown 
coupled  to  the  engine  through  a  conventional  starter  pinion  assembly  which  provides 
a  12-1  gear  ratio  In  Itself. 
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FIGUKZ  25.  FLYWHEEL-TYPE  EMERGY -STORAGE  STARTING  SYSTEM 


To  initiate  the  starting  cycle,  the  operator  disengages  the  starter 
clutch  between  the  flywheel  and  engine  and  engages  the  clutch  between  the  crank 
and  flywheel.  He  then  cranks  the  flywheel  through  the  step-up  gears  until  suf¬ 
ficient  kinetic  energy  is  stored  in  it.  Finally  he  disengages  the  crank  (for 
safety)  and  engages  the  starting  clutch.  The  initial  shock  of  momentum  transfer 
is  absorbed  by  the  slipping  clutch,  which  is  set  to  allow  slippage  at  a  torque 
slightly  above  that  required  to  get  the  engine  past  the  first  compression  stroke. 

Turning  an  engine  over  4  or  5  revolutions  should  be  more  than  sufficient 
to  start  it.  At  the  estimated  maximum  resisting  torque  of  348  ft-lbs,  for  the  100 
hp  diesel  being  used  as  an  example  this  would  require  11,000  ft-lbs  of  energy.  To 
allow  for  acceleration  of  the  engine  parts,  the  energy  requirement  should  be  in¬ 
creased  by  a  factor  of  1.5.  For  the  example,  the  energy  requirement  would  be 
16,500  ft-lbs.  Flywheels  of  inertia  starters  used  on  World  War  II  ircraft  have 
been  satisfactorily  run  between  10,000  and  14,000  rpm;  consequently  a  speed  of 
10, (XK)  rpm  was  arbitrarily  selected  for  the  high-spee *  flywheel  starting  system. 

A  steel  fly^eel  8.2  inches  in  diameter  and  1  inch  thick  (moment  of  inertia  equals 
0.363  in-lbs^)  would  have  the  required  energy  at  that  speed.  Step-up  gears  of  125- 
1  ratio  would  allow  80  rpm  at  the  crank  to  produce  10,000  rpm  at  the  flywheel. 

This  is  consistent  with  previous  practice  in  inertia  starter  design.  A  100-1  total 
steR-down  ratio  from  fly^eel  to  engine  would  give  50  rpm  at  the  crankshaft  when 
the  flywheel  had  slowed  to  5,000  rpm,  provided  the  clutch  had  stopped  slipping. 
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The  friction  losses  In  the  tvro  gear  trains  would  be  considerable,  but 
would  be  partially  compensated  for  by  the  kinetic  energy  stored  in  the  gears  them¬ 
selves.  Assuming  a  constant  tangential  force  of  27  lbs  ^n  a  crank  having  a  radius 
of  12  In,  (as  previously  specified),  the  time  required  to  get  the  flyi^heel  up  to 
speed  would  be  about  2.5  minutes.  This  Is  twice  as  long  as  would  be  required  on  a 
basis  of  continuous  0.41  hp  output,  because  the  cranking  speed  must  start  from  0 
and  terminate  at  80  rpm,  giving  an  average  cranking  speed  of  only  40  rpm. 

It  is  evident  that  the  use  of  a  high-speed  flywheel,  although  consistent 
with  established  practice,  Is  disadvantageous  because  of  the  two  sets  of  high- 
ratlo  gearing  required.  Previous  Inertia  starters  were  designed  for  high  speed  pri¬ 
marily  to  save  weight  In  aircraft  installations.  In  a  community  shelter,  weight 
limitation  is  not  critical,  and  It  Is  worth  while  to  investigate  the  possibility  of 
using  a  larger  low-speed  flywheel. 

If  the  maximum  flywheel  speed  Is  limited  to  1200  rpm,  the  flywheel  shaft 
can  be  directly  coupled  at  the  point  where  the  starter  pinion  normally  enters  the 
engine.  This  will  eliminate  the  step-down  gear  set  and  will  give  a  100-rpm  nominal 
Initial  starting  speed  at  the  crankshaft,  assuming  that  a  typical  12-1  plnion-to- 
ring  gear  ratio  Is  used.  A  steel  flywheel  22  in.  in  diameter  and  1.5  In.  thick, 
weighing  161  lbs  will  store  the  required  16,500  ft-lbs  of  energy  at  1,200  rpm. 

The  step-up  ratio  required  for  hand  cranking  Is  15-1  in  this  case  and  allows  the 
use  of  fewer  and  less  precise  gears  than  the  125-1  set  needed  for  the  high-speed 
flywheel.  The  time  required  to  accelerate  the  flywheel  remains  about  2,5  minutes. 
Other  features  of  the  low-speed  flywheel  system,  such  as  the  starter  clutch  and  the 
hand  crank  clutch  would  remain  relatively  unchanged. 


Falling-Weight -Type  EnerKV  Storage  Starting.  Figure  26  is  a  schematic 
illustration  of  a  falPng-welght-type,  energy-storage  starting  system.  To  initiate 
the  starting  cycle  the  operator  raises  the  weight  along  the  guides  by  means  of  a 
winch  and  then  holds  the  weight  by  means  of  a  winch  brake.  The  engine  cable, 
which  then  hangs  loosely,  is  wound  around  the  starting  drum  on  the  engine  shaft  by 
turninr;  the  drum  backward  against  its  ratchets  until  the  cable  is  tight.  For 
starting  the  operator  disengages  the  crank  handle  and  releases  the  winch  brake. 

Tl\c  cable  end  may  be  designed  to  pull  free  of  the  starting  drum  after  unwinding, 
or  it  may  be  left  attached.  In  this  case,  the  ratchet  pawls  could  be  designed  to 
retract  by  centrlfigual  force  to  avoid  continuous  clicking  of  the  ratchet  while 
the  engine  runs.  The  shock  absorber  would  cushion  the  impact  of  the  falling  weight. 

Because  of  the  space  limitations  In  coimunity  shelters,  it  is  advisable 
to  have  the  weight  fall  through  a  relatively  short  distance.  For  the  100  hp  diesel 
engine  example,  a  2,750-lb  weight  falling  through  6  feet  was  selected.  This  will 
product  the  16,5^0  ft-lbs  required  to  start  the  engine.  With  a  4,6-in,  drum  dia¬ 
meter,  5  full  engine  revolutions  are  obtained  at  517  ft-lbs  of  static  torque.  This 
torque  Is  about  50  per  cent  in  excess  of  the  estimated  maxlimon  required,  hence  pro¬ 
viding  adequate  cranking  speed  for  a  minimum  falling  distance.  With  a  winch  having 

a  gear  ratio  of  23-1,  a  l2-in.  handle,  and  a  4-in.  diameter  drum,  a  force  of  20  lbs 

at  the  crankhandle  will  balance  the  2,750  lb  weight.  A  cranking  force  of  27  lbs 

will  raise  the  weight  to  the  required  6  feet  In  slightly  less  than  2  minutes. 
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Support  pulleys 


FIGURE  26.  FALLING  WEIGHT-TYPE  ENERGY  STORAGE 
STARTING  SYSTEM 
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Spring-Type  Energy -Storage  Smarting.  Figure  27  is  a  schematic  illustra¬ 
tion  of  a  spring-type  energy-storage  starting  system.  To  Initiate  the  starting 
cycle,  the  operator  sets  the  brake  on  the  starting  drum  and  extends  the  <;pring8  by 
cranking  the  winch.  He  then  sets  the  winch  against  its  ratchet.  For  starting, 
the  starting-drum  brake  is  released.  As  with  the  falling-weight  system,  the  start¬ 
ing  drum  must  contain  a  ratchet  to  allow  winding  of  the  slack  cable  and  to  prevent 
rewinding  upon  starting.  The  cable  may  either  pull  free  of  the  drum  or  remain 
attached  to  the  cable  drum  while  its  ratchet  idles. 
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FIGURE  27.  SPRING-TYPE  ENERGY -STORAGE 
STARTING  SYSTEM 


A  typical  setup  for  the  100-hp  diesel  engine  might  employ  two  tandem 
coil  springs  of  100-in,  closed  length,  4-in,  mean  diameter,  and  0,704-in,  wire 
diameter,  A  spring  deflection  of  6  *.t  would  provide  the  required  16,500  ft -lbs 
of  energy.  A  4,6-in,  cable  drum  on  the  engine  would  allow  5  full  revolutions  to 
be  made. 


Unfortunately,  the  spring  system  is  not  inherently  a  constant-torque 
device,  as  is  the  falling-weight  system.  However,  the  initial  torque  of  1,050  ft- 
Ibs  is  three  times  the  estimated  maximum  resisting  torque,  and  this  should  provide 
adequate  cranking  speed  during  the  full  5  crandshaft  turns.  The  average  torque 
applied  during  the  cycle  will  be  1,5  times  the  conservatively  estimated  resisting 
torque  of  348  ft-lbs.  If  the  same  winch  handle  and  drum  dimensions  are  used  as  in 
the  falling -weight  system,  but  with  the  gear  ratio  doubled  to  46-1,  the  springs 
could  be  fully  extended  in  about  3,3  minutes,  assuming  80  rpm  cranking  speed  and  a 
maximum  force  of  20  lbs  at  the  crank  handle. 
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It  should  be  emphasized  that  all  the  manual  energy-storage  starting  sys¬ 
tems  illustrated  in  this  report  are  merely  conceptual.  Time  did  not  permit  a 
thorough  investigation  in  this  area.  It  is  almost  certain  that  many  other  con¬ 
figurations  could  be  devised  to  fulfill  the  requirements,  some  perhaps  signifi¬ 
cantly  better  than  those  illustrated.  The  primary  purpose  of  this  study  vas  to 
determine  the  general  feasibility  of  manual  energy-storage  starting  systems. 


Estimated  Starting  Systems  Costs 


Figures  28  and  29  show  the  approximate  costs  of  starting  systems  for 
conventional  pother  sources.  Figure  28  shows  cost  data  for  starting  systems  for 
diesel  engines  and  gas  turbines  and  Figure  29  shows  cost  data  for  starting  systems 
for  gasoline  and  LPG  engines.  These  data  were  obtained  from  manufacturers'  litera¬ 
ture  and  include  estimates  of  the  costs  of  installation  and  of  suitable  auxiliary 
equipment.  In  all  cases,  the  installed  cost  of  the  electric  starting  system  is 
lower  by  a  significant  margin.  However,  if  standby  maintenance  costs  were  included 
the  relative  costs  may  be  altered  considerably. 

It  has  been  previously  mentioned  that  manual  energy-storage  starting 
systems  are  not  presently  available  in  any  form  for  the  types  of  power  sources  con¬ 
sidered  in  this  study.  However,  to  obtain  some  idea  of  the  potential  cost  of  a 
typical  energy-storage  starting  system  for  comparison  with  the  costs  of  the  com¬ 
mercially  available  starting  systems,  an  estimate  was  made  on  the  basis  of  the  low- 
speed  flywheel-type  system.  Standard,  readily  available  components  were  considered 
wherever  possible  in  this  estimate  and  no  allowance  was  made  for  volume  production 
or  quantity  buying.  The  estimated  cost  figure  is  $325  for  a  system  capable  of 
starting  a  100-hp  ciesel  engine. 

This  $325  figure  has  been  included  in  Figures  28  and  29  and  appears  to 
compare  quite  favorably  with  the  costs  of  electric  starting  systems.  To  include 
these  data  in  Figure  29  the  assumption  was  made  that  a  system  capable  of  starting 
a  100>4ip  diesel  engine  would  be  capable  of  starting  a  150-hp  gasoline  or  LPG  en¬ 
gine.  It  can  be  assximed  that  a  reasonable  amount  of  design  effort,  volume  pro¬ 
duction,  and  quantity  buying  would  be  reflected  in  a  significantly  lower  final  cost 
for  low-speed  flywheel-type  energy-storage  starting  systems. 


Starting  Aids 


The  demands  on  any  starting  system  can  be  significantly  reduced  by 
following  certain  procedures  to  ensure  that  the  engine  will  be  as  easy  to  start 
as  possible.  The  most  important  procedure  is  to  make  certain  that  the  fuel  and 
ignition  systems  are  functioning  properly.  Engine  manufacturers'  instructions 
for  start-up  should  be  followed  as  closely  as  practicable.  In  addition,  there 
are  a  number  of  starting  aids  available  which  are  ordinarily  recommended  for  cold 
weather  starting  but  which  would  be  of  some  assistance  under  any  conditions. 

These  include:  (1)  special  starting  fluids  that  can  be  automatically  measured 
and  sprayed  or  atomized  under  pressure  into  the  intake  manifold,  (2)  immersion 
heaters  to  keep  the  lubricating  oil  and  engine  coolant  warm,  (3)  intake  manifold 
air  heaters,  and  (4)  glow  plugs  for  diesel  engines. 


Purchase  Price,  dollars  Purchase  Price,  dollars 
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FIGURE  28.  APPROXIMATE  STARTING  SYSTEM  PRICES 
FOR  DIESEL  ENGINES  AND  GAS  TURBINES 


FIGURE  29.  APPROXIMATE  STARTING  SYSTEM  PRICES 
FOR  GASOLINE  AND  LPG  ENGINES 
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Most  of  these  starting  aids  are  relatively  Inexpensive  and  easy  to  use. 

It  is  estimated  that  total  costs  may  range  from  $12  to  $15  for  starting-fluid  spray 
systems  and  up  to  approximately  $200  for  the  more  elaborate  hot  water  systems  for 
heating  the  intake  manifold*  !niese  costs  will  depend  on  prime  mover  size  as  well 
as  type  and  complexity  of  equipment  selected.  Many  of  these  starting  aids  may  be 
obtained  only  from  the  engine  manufacturer  since  their  application  can  be  signifi- 
cantly  influenced  by  the  basic  engine  configuration. 
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COOLING 


Most  conventional  prime  movers  reject  to  a  cooling  medium  a  portion 
of  the  total  energy  available  In  fuel.  Not  only  Is  there  a  necessity  for 
providing  a  means  for  carrying  away  this  rejected  heat,  but  this  same  means 
muse  regulate  the  engine  temperatures  within  a  relatively  narrow  range  for 
optimum  operation.  An  exception  to  this  Is  the  gas  turbine  which  rejects  all 
of  the  fuel  energy  not  converted  to  shaft  power  In  the  exhaust  gases.  It  has 
been  found  through  experience  and  experimentation  that  engine  service  life  can 
be  greatly  extended  by  maintaining  sufficiently  high  cylinder  wall  temperatures 
to  prevent  condensation  of  the  various  corrosive  products  of  combustion  and  by 
maintaining  lubricating  oil  temperatures  between  200  and  280  F.C^) 

The  basic  techniques  that  have  been  used  for  conventional  engine 
cooling  are  air  cooling  and  water  cooling.  In  engines  designed  for  air  cooling, 
the  external  surface  area  Is  usually  made  large  by  finning.  In  such  engines  a 
mechanically  driven  blower  or  fan  forces  a  sufficient  quantity  of  air  over  the 
finned  surfaces  to  carry  away  the  rejected  heat.  Air  cooling  Is  generally 
confined  to  the  smaller  size  engines  and  to  applications  In  which  light  weight 
Is  extremely  Important. 

In  water-cooled  engines,  cool  water  Is  circulated  through  passages 
between  an  outer  case  and  the  engine  cylinders.  The  heat  absorbed  by  this  water 
as  It  passes  through  the  engine  Is  ultimately  rejected  to  the  surroundings  by 
various  techniques.  Radiators,  heat  exchangers,  cooling  towers,  and  vaporiza¬ 
tion  devices  are  used.  Nearly  all  Industrial  engines,  for  stationary  service, 
are  water  cooled 

Figure  30  shows  estimated  average  heat-rejection  rates  to  the  coolant 
for  several  commercial  prime  movers.  These  data  were  obtained  from  manufacturers' 
literature  and  represent  conditions  at  full  load  for  continuous-duty  type  prime 
KHwers.  The  heat-rejection  rates  of  these  prime  movers  generally  are  consistent 
with  the  thermal  efficiencies  In  that  higher  thermal  efficiency  results  In  lower 
roollng  losses.  An  exception  to  this  Is  the  two-cycle  diesel  engine  which  has  a 
lower  heat-rejection  rate  than  the  more  efficient  four-cycle  naturally  aspirated 
diesel  because  the  higher  combust  Ion- air  flow  rate  In  this  type  of  engine  results 
In  higher  heat  lejectlon  In  the  exhaust  gases. 

The  data  given  In  Figure  30  do  not  present  the  entire  picture  of  the 
cooling  requirements  of  prime  movers.  In  general,  a  prime  mover  will  reject 
directly  to  the  cooling  system  between  20  and  33  per  cent  of  the  total  fuel 
energy  supplied,  the  actual  quantity  depending  on  the  type  of  engine,  the  type 
of  cooling  system,  the  quality  of  manufacture,  and  the  mode  of  operation.  In 
addition,  3  to  10  per  cent  of  the  total  fuel  energy  supplied  Is  rejected  directly 
to  the  enclosure  In  the  form  of  radiation  losses.  iXie  to  Inefficiencies,  the 
power  transmission  system  will  also  reject  heat  directly  to  the  enclosure.  The 
total  heat  which  must  ultimately  be  absorbed  by  a  heat  sink  or  heat  sinks  can 
be  as  much  as  30  per  cent  greater  than  shown  In  Figure  30. 
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riGURE  30.  APPROXIMATE  HEAT  REJECTION  INTO  THE 

COOLING  SYSTEM  FOR  VARIOUS  PRlfK  HOVERS 
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Venttlatlon  of  Power  System  Enclosure 


Even  If  air  la  not  required  to  remove  the  waste  heat  rejected  to  the 
Jacket  water,  a  ventilation  system  for  the  engine  room  will  be  required.  This 
ventilation  system  not  only  may  be  required  to  remove  a  significant  quantity  of 
heat  from  the  enclosure,  up  to  50  per  cent  of  the  heat  rejected  to  the  primary 
cooling  system,  but  it  must  also  provide  the  air  for  combustion  in  the  prime 
mover.  A  typical  100-hp  auxiliary  power  system  could  require  as  much  as  2,000 
cfm  of  ventilating  air  for  the  power  system  enclosure.  Approximately  25  per  cent 
of  this  air  would  be  necessary  for  combustion  and  the  remainder  would  be  needed 
to  carry  away  heat  rejected  directly  to  the  enclosure. 

If  the  prime  mover  Jacket  water  cooling  system  does  not  reject  its 
heat  to  the  engine  room  ventilating  air,  a  separate  blower  must  be  provided. 

This  blower  should  be  designed  with  ducting,  if  necessary,  to  create  an  air 
circulation  across  the  engine  and  any  other  heat- producing  components  in  the 
enclosure.  The  exhaust  or  discharge  opening  from  the  power  system  enclosure 
should  be  so  located  that  the  cool  incoming  ventilation  air  is  not  short- 
circuited.  If  the  Jacket  water  cooling  system  utilizes  any  components  within 
the  enclosure  which  require  cooling  air,  such  as  a  radiator  or  a  condenser,  the 
ventilating  air  requirements  for  the  power  system  enclosure  will  be  significantly 
greater  than  2,000  cfm. 

It  could  be  costly  to  provide  total  filtration  for  the  power-syste»> 
enclosure  ventilating  air.  Fortunately,  the  coBq>onent8  of  the  auxiliary  power 
system  are  not  expected  to  be  significantly  affected  by  even  large  quantities 
of  fallout  radiation  during  the  relatively  short  length  of  time  covered  by  the 
emergency  period.  Furthermore,  a  properly  designed  auxiliary  power  system  should 
require  no  maintenance  or  service  during  this  operating  period.  Consequently, 
if  the  power  system  enclosure  is  effectively  sealed  from  the  occupied  section 
of  the  shelter,  its  ventilating  air  will  not  have  to  be  filtered  for  fallout. 

Ventilating  the  power  system  enclosure  with  exhaust  air  from  the 
occupied  shelter  space  would  be  a  very  desirable  method  in  that  little,  if  any, 
additional  cquipaient  would  be  required.  In  the  design  of  such  a  system,  pro¬ 
visions  would  have  to  be  made  to  insure  that  an  adequate  supply  of  air  would 
always  be  available  to  the  en^^ine. 


Cooling  Systems 


Disposal  of  the  waste  heat  collected  by  the  Jacket  coolant  can  be 
accomplished  in  a  number  of  ways.  These  are: 

(1)  Direct  sMke-up 

(2)  Heat  exchanger 

(3)  Ebullient  (boiling) 

(4)  Radiator. 

A  radiator  system,  being  air  cooled,  would  require  no  water  except 
for  initial  filling  of  the  system.  Where  the  supply  of  water  Is  limited,  an 
ebullient  system  could  be  used.  With  an  ample  supply  of  water,  the  heat 
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exchanger  or  che  direct  make-up  system  could  be  selected.  The  direct  make-up 
system  is  the  simplest  and  least  expensive.  Following  Is  a  description  of  each 
of  the  systems. 


Direct,  Kake-Up-Water  Coo 1 In* 


Figure  31  la  a  schematic  Illustration  of  a  direct,  make-up-water 
cooling  system.  In  terms  of  the  compounds  required,  this  system  is  the  simplest 


FIGUIB  31.  DlRBCr  MAU-UP- WATER  COOLING  'TYSTEM 


and  least  expensive.  As  the  Illustration  Indicates,  only  two  major  coiq>onents 
are  required,  a  stand  pipe  and  a  temperature-controlled  valve.  The  stand  pipe 
could  a  large-diameter  pipe  with  a  base  plate  welded  at  one  end  and  with 
appropriate  connectlona  for  hot  water  from  the  engine,  cooled  water  to  the 
engine,  hot  water  overflow,  and  make-up  water.  The  engine-driven  water  pump 
circulates  the  water  through  the  system,  and  a  temperature- sensing  element  In 
the  hot-meter  discharge  line  from  the  engine  controls  the  make-up  water  flow. 
Hot  meter  Is  forced  out  the  overflow  in  direct  proportion  to  the  amount  of 
cold  make-up  water  added. 
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The  temperatures  in  an  engine  equipped  with  a  system  of  this  type 
would  be  nearly  Ideal.  However,  this  type  of  system  Is  very  extravagant  In 
terms  of  water  usage.  For  Instance,  the  water  required  for  a  100-hp  power 
source  operating  at  full  load  Is  estimated  to  be  about  6500  gal  per  day. 

The  Installation  of  a  direct,  make-up-water  cooling  system  would  i^e 
extremely  simple  and  the  maintenance  requirements  would  be  almost  negligible. 

For  stand-by  storage  the  system  would  be  dry  to  prevent  corrosion  or  sludge 
formation.  The  system  would  be  extremely  reliable  and  relatively  Insensitive 
to  extreme  ambient  temperatures  as  long  as  a  sufficient  supply  of  make-up 
water  was  available. 

A  direct,  make-up-water  cooling  system  could  be  even  further  simpli¬ 
fied  by  Introducing  the  make-up  water  directly  Into  the  engine,  thus  eliminating 
the  water  pump  and  stand  pipe.  However,  the  adverse  effect  of  Introducing 
cooling  water  directly  to  the  engine  at  60  F  and  discharging  it  at  180  F  on 
engine  life  and  performance  could  be  very  serious.  Most  engines  are  not 
designed  for  such  large  temperature  differentials  and  the  thermal  distortion 
could  cause  cracking  of  the  engine  block  and  engine  failure.  With  part  of  the 
engine  at  low  temperature  where  the  cooling  water  first  enters,  there  might 
also  be  high  rates  of  corrosion  and  sludge  formation  In  the  lubrication  system. 
Consequently,  serious  loss  of  power  after  only  a  relatively  short  period  of 
operation  could  be  expected. 

Engine  manufacturers  In  general  do  not  recommend  using  raw  make-up 
water  directly  In  their  engines.  Most  water,  as  It  comes  from  the  source, 
contains  a  considerable  amount  of  dissolved  and  suspended  solids  (measured 
as  "hardness")  which  tend  to  precipitate  out  and  deposit  on  any  surface  with 
which  the  water  comes  Into  contact.  The  rate  of  deposition  Is  accelerated 
by  heating  the  water.  Thus,  If  raw  water  Is  pumped  through  the  cooling 
passages  of  an  engine.  In  time  all  critical  heat-transfer  surfaces  will  be 
coated  with  deposits  to  such  an  extent  that  the  cooling  system  will  no 
longer  function  effectively.  The  rapidity  of  the  coating  process  depends 
primarily  on  the  hardness  of  the  water  and  on  the  design  of  the  engine  cooling 
passages. 


Chemically  "softening"  the  water  before  using  It  In  the  engine  will 
lengthen  the  effective  operating  life.  However,  when  large  quantities  of  water 
are  Involved,  commercial  softening  equipment  Is  quite  bulky  and  expensive.  It 
Is  possible  that  most  engines  could  ^  operated  for  a  two-week  period  on  direct, 
amke- up- water  cooling  without  significant  performance  depreciation  If  the  make¬ 
up  water  Is  not  extremely  hard. 


Heat-Exchanger  Cooling 


Figure  32  Is  a  schematic  Illustration  of  a  heat- exchanger  cooling 
system  which  Includes  a  cooling  tower  to  conserve  water.  The  basic  co^onents 
of  this  sytem  are:  (1)  heat  exchanger,  (2)  surge  tank,  (3)  temperature-controlled 
valve,  (4)  circulating  pump,  and  (5)  cooling  twer.  As  Indicated  in  the  sketch, 
the  cooling  tower  and  circulating  puaq)  could  be  eliminated  but  at  the  expense  of 
higher  make-up  water  consumption.  A  vent  line  Is  provided  between  the  engine 
discharge  water  line  and  the  top  of  the  surge  tank  to  remove  any  noncondensible 
gases  that  may  be  trapped  In  the  cooling  water  as  It  leaves  the  engine. 
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Cooling  tower-j 


FIGURE  32.  HEAT-EXCHAHGER  COOLING  SYSTEM  WITH  COOLING  TOWER 


The  mske-up  water  requirement  for  a  heat- exchanger  cooling  system 
without  cooling  tower  Is  calculated  to  be  about  4,750  gal  per  day  for  a  100-hp 
power  source  operating  at  full  load.  Use  of  a  simple  spray- type  cooling  tower 
would  reduce  the  water  requirement  to  about  850  gal  per  day,  and  a  mechanical- 
draft-type  cooling  tower  would  reduce  the  water  requirement  to  about  650  gal 
per  day. 


Certain  shelter  locations  may  lend  themselves  to  the  use  of  cooling 
ponds  rather  than  cooling  towers.  The  water  consumption  of  a  quiescent  cooling 
pond  of  sufficiently  large  surface  area  for  the  heat  rejection  load  of  a  100-hp 
engine  would  be  about  480  gal  per  day.  Uslr?  a  spray  pond  would  reduce  the 
water  surface  area  required  but  would  result  in  higher  water  consumption,  approxi¬ 
mately  1800  gal  per  day  for  the  100-hp  engine. 

Installation  of  the  basic  heat- exchanger  cooling  system  would  be 
relatively  simple.  The  heat  exchanger  and  surge  tank  should  be  located  fairly 
close  to  the  prime  mover,  and  the  piping  should  be  so  constructed  that  the 
water  can  be  completely  drained  from  the  system  when  desired.  The  cooling 
tower  would  most  logically  be  located  outside  of  the  shelter  and  be  so  positioned 
that  the  natural  circulation  of  air  through  and  around  the  tower  would  not  be 
Impeded.  The  piping  system  for  the  cooling  tower  should  also  be  so  constructed 
that  the  water  can  be  completely  drained  from  the  system  when  desired. 
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The  stand-by  maintenance  requirements  of  the  heat- exchanger  and  cooling 
tower  systems  would  be  similar  to  those  for  direct,  make-up-water  cooling  systems. 
If  the  heat- exchanger  cooling  system  is  not  to  be  exercised  regularly,  it  would 
be  advisable  to  drain  all  the  water  out  and  seal  all  the  components  including 
the  cooling  tower  after  they  are  thoroughly  dried  out.  If  periodic  exercising 
is  planned,  the  heat- exchanger  cooling  system  would  require  periodic  inspection, 
replacement  of  the  water  supply,  and  cleaning  of  all  critical  components. 
Particular  attention  should  be  given  to  the  cooling  tower  spray  nozzles  which 
cannot  be  allowed  to  clog  up. 

If  installation  and  maintenance  procedures  are  proper,  the  reliability 
of  a  heat- exchanger  and  cooling  tower  cooling  system  could  be  expected  to  be  very 
good.  The  ef^'iciency  of  a  cooling  tower  is  somewhat  dependent  on  the  ambient  air 
temperature:  consequently,  the  cooling  tower  would  have  to  be  sized  for  the 
highect  temperature  conditions  anticipated. 


Radiator  Cooling 

Figure  33  is  a  schematic  illustration  of  two  radiator  cooling  systems. 
This  illustration  shows  the  equipment  and  piping  required  for  both  an  engine- 
mounted  radiator  cooling  system  and  a  remote  radiator  cooling  system.  The  engine 
mounted  radiator  cooling  system  is  the  familiar  automotive- type  system  with  an 
engine-driven  water  pump  circulating  the  water  through  the  engine  and  through  a 
radiator,  and  with  an  engine-driven  fan  forcing  air  through  the  radiator.  If 
a  remote  radiator  must  be  located  more  than  13  ft  above  the  engine  level,  a  hot- 
well  tank  should  be  incorporated  in  the  system  between  the  remote  radiator  and 
the  engine.  The  primary  purpose  of  this  hot-well  tank  is  to  reduce  the  pressure 
head  on  the  engine  since  most  gaskets  and  seals  in  the  cooling  system  would  not 
be  designed  to  withstand  high  pressures.  For  this  reason,  the  hot-well  tank 
should  be  located  just  slightly  above  the  level  of  the  engine.  In  addition  to 
a  hot-well  tank,  a  remotely  located  radiator  cooling  system  would  also  require 
a  second  %rater  pump  to  circulate  the  coolant  throogh  the  radiator  and  an  electri¬ 
cally  driven  fan  mounted  on  the  radiator.  A  remote  radiator  located  leas  than 
15  ft  above  the  engine  would  probably  not  require  a  hot-well  tank  nor  sn  extra 
circulating  pump. 

Engine  temperatures  in  a  radiator  cooling  system  are  controlled  by 
a  by-pass  thermostat  in  the  discharge  water  line  from  the  engine.  This  by-pass 
thermostat  causes  water  to  be  recirculated  within  the  engine  block  until  the 
desired  operating  temperature  has  been  reached.  At  this  time  the  radiator 
cooling  system  requires  no  external  supply  of  water  once  the  system  is  fully 
charged.  However,  a  large  amount  of  cooling  air  is  required. 


Outside  radiator 


FIGURE  33.  RADIATOR  COOLING  SYSTEMS 


Figure  34  shows  the  approximate  cooling  air  requirements  of  radiator- 
cooled  prime  movers.  Ths.se  data  were  obtained  from  manufacturers'  literature 
and  generally  represent  an  excess  cooling  capacity.  It  Is  quite  possible  that 
the  fan  could  deliver  about  30  per  cent  less  cooling  air  without  engine  over¬ 
heating  under  normal  operating  conditions. 

When  a  prime  mover  Is  Installed  with  an  attached  radiator  cooling 
system,  the  prime  mover  should  be  located  with  its  radiator  close  to  the 
enclosure  exhaust  opening.  Moreover,  a  completely  enclosed  duct  should  be 
provided  between  the  radiator  and  the  exhaust  opening  to  prevent  recirculation 
of  the  hot  air  passing  through  the  radiator.  Assuming  this  kind  of  an  Installa¬ 
tion  and  that  the  englnc'drlven  fan  Is  slightly  oversized,  the  prime  mover  will 
be  capable  of  providing  Its  own  cooling  and  combustion  air  flow  providing  that 
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FIGURE  34.  APPROXIMATE  CXX^LING- AIR  RBQUIREMBKTS 
FOR  RADIATOR- COOLED  PRIME  MOVERS 


-estrlctlons  In  the  Inlet  and  exhaust  systens  for  the  auxiliary  power  systea 
enclosure  are  minimum.  If  blast  valves  and/or  total  filtering  systems  are 
used,  a  separate  blower  will  be  required  to  assure  proper  ventilation  in  the 
enclosure. 


Radiator  cooling  systeiss  require  little  or  no  stand-by  maintenance. 

If  frequent  exercising  of  the  power  system  is  planned,  water  should  be  allowed 
to  remain  in  the  system  ,/lth  suitable  rust  and  corrosion  Inhibitors  added  to  it. 
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The  water  should  be  sampled  during  each  exercising  or  inspection  and  the  system 
should  be  drained j  flushed^  and  refilled  when  any  indications  of  corrosion  are 
observed. 

The  radiator  cooling  system  would  be  a  reliable  system,  but  it  would 
also  be  sc^what  sensitive  to  extremes  in  ambient  temperature.  The  effective¬ 
ness  of  radiator  heat  rejection  is  reduced  as  the  terapcratur«i  of  the  air  passing 
over  it  increases.  Where  the  ambient  temperature  is  expected  to  go  belovr 
freezing,  the  radiator  should  be  equipped  with  a  means  to  restrict,  the  air 
flow;  if  the  radiator  is  located  outside  the  shelter,  an  anti-freeze  solution 
should  be  added  to  the  water. 


Ebullient  Cool ini 


Figure  35  is  a  schematic  illustration  of  an  ebullient  or  evaporatlve- 

type  cooling  system  which  utilizes  the  high  latent  heat  of  vaporization  of  Voter. 

This  system  consists  basically  of:  (1)  steam  separator  tank,  (2)  stand  pipe, 

(3)  steam  vent,  (4)  water-level-control  mechanism,  and  (5)  level-control  valve. 
The  ebullient  cooling  system  is  based  on  the  principle  that  increasing  the 
pressure  of  water  increases  its  boiling  temperature.  Water  can  be  heated  to 
a  temperature  of  220  F  without  boiling  under  a  pressure  head  of  about  6  ft  of 
water.  Consequently,  if  the  water  level  in  the  steam  separator  Is  6  ft  ab^ve 

the  top  of  the  engine,  the  cooling  water  leaving  the  engine  can  be  at  a  temper¬ 

ature  of  220  F  without  boiling  occurring.  As  this  cooling  water  laoves  up  the 
discharge  line,  the  pressure  is  reduced  ao'^  boiling  begins.  Because  of  the 
flow  rate  SMintained  in  the  system  by  the  engine-driven  water  pump,  not  all  of 
the  water  will  vaporize  before  it  reaches  the  separator.  The  steam  in  the 
separator  is  vented  to  t^he  atmosphere  and  the  water  is  recirculated  through 
the  engine.  The  coolant  which  is  vented  must  be  replaced  by  make-up  water  to 
■mintain  s  constant  ^fater  level. 

An  ebullient  cooling  system  la  estimated  to  require  about  400  gal  per 
day  of  make-up  water  for  a  100-hp  prime  mover  operated  continuously  at  full  load. 

The  installation  of  an  ebullient  cooling  system  would  be  relatively 
simple.  The  water  levei  controls  In  an  ebullient  cooling  system  could  be  a 
potential  source  of  trouble,  as  any  corrosion  tends  to  lead  quite  quickly  to 
malfunction  of  this  type  of  mechanism.  For  frequent  exercising,  the  water 
laval  control  should  be  inspected  each  time  and  cleaned  if  signs  of  corrosion 
are  observed.  For  long-term  storage  this  system  should  be  dry  with  a  thin 
coating  of  grease  or  oil  on  all  critical  parts. 

With  proper  awintensnce  of  the  critical  components,  an  ebullient 
cooling  system  should  be  very  reliable.  This  type  of  cooling  system  Is 
relatively  insensitive  to  either  high  or  low  ambient  air  tes^erature.  The 
ebullient  cooling  system  provides  nearly  Ideal  operating  tenq)eratures  and, 
therefore,  would  promote  better  engine  performance  and  long  engine  life. (7) 
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FIGURE  35.  EBULLIENT  COOLING  SYSTEM 


Cotaparlson  of  Cooltna  Systems 


Figure  36  shows  estimated  water  requirements  for  the  various  cooling 
techniques  discussed  In  this  section.  If  an  unlimited  supply  of  cool  water  Is 
available  the  direct  make-up  water  system  would  be  the  best  choice.  It  would  be 
inexpensive,  reliable,  maintenance-free  If  stored  dry,  extremely  compact,  and 
require  no  cooling  air.  If  the  water  Is  unsuitable  for  direct  use  In  the  engine, 
a  heat  exchanger  vihlch  would  add  materially  to  the  cost  o:.  the  system  could  be 
added. 


oke-Up  Water,  gal  per  day 


-6 


24,000 


20,000 
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If  a  limited  amount  of  water  is  available,  an  ebullient  system  can 
be  used.  This  system  also  requires  nx>re  equipment  than  the  direct  make-up- 
water  system  and,  therefore,  is  more  cofttlj'.  However,  it  requires  the  least 
amount  of  make-up  water. 

An  advantage  of  the  above  systems  Is  that  they  are  completely  con¬ 
tained  in  the  shelter  and,  therefore,  are  not  subject  to  damage  by  blast,  fire, 
etc. 


The  cost  of  a  radiator  cooling  system  using  air  as  the  heat  sink 
would  be  about  the  same  as  the  cost  of  a  heat- exchanger  water-heat- sink  cooling 
system.  The  engine- mounted  radiator  system  would  he  lower  in  cost  than  the 
externally  mounted  radiator  especially  if  the  external  radiator  had  to  with¬ 
stand  the  effects  of  blast,  fire,  etc. 
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FUEL  STORAGE 


Fuel  stored  for  use  by  the  prime  mover  should  be  adequate^  both  In 
quality  and  quantity,  for  at  least  two  weeks  of  continuous  full-load  operation. 

In  addition,  it  may  be  necessary  that  fuel  be  supplied  to  the  prime  mover  during 
periodic  exercising.  Usually  engine  fuels  are  not  stoied  for  more  than  a  few 
months  and,  most  commercial  engine  fuels  deteriorate  during  extremely  long  storage. 

This  discussion  will  cover  four  common  petroleum  fuels:  90  octane  gaso¬ 
line,  kerosene.  No.  2  diesel  fuel,  and  liquified  petroleum  gas  (LPG) .  These  fuels 
can  be  considered  as  representative  of  the  wide  variety  of  petroleum  fuels  available. 
The  designer  has  available  at  least  two  of  these  fuels,  regardless  of  the  power 
source  selected.  As  previously  mentioned,  the  prime  movers  considered  most  practi¬ 
cal  for  shelter  use  are  compression-ignition  engines,  spark-ignition  engines,  and 
gas  turbineo.  Compression-ignition  engines  may  burn  either  kerosene  or  No.  2 
diesel  fuel;  spark-ignition  engines  may  burn  either  gasoline  or  LPG;  and  gas 
turbines  may  burn  any  of  the  fuels  listed  including  leaded  gasoline  if  special 
precautions  are  taken. 


As  f  uels  deteriorate  during  storage,  they  eventually  reach  the  point  %4iere 
Ihey  are  no  longer  useable  in  engines.  The  length  oi  time  before  a  fuel  becomes 
unuseKble  depends  on  several  factors:  (1)  the  quality  of  the  fuel  when  fresh, 

(2)  the  storage  technique,  (3)  the  characteristics  of  the  engine  in  which  it  is 
intended  that  the  fuel  be  used,  and  (4)  the  length  of  time  the  engine  must  operate. 
To  ensure  a  supply  of  useable  fuel,  the  designer  has  the  choice  of  two  basically 
different  approaches:  long-term  fuel  storage  with  special  precautions  being  taken, 
or  frequent  replacement  of  a  conventionally  stored  fuel. 


I  In  the  design  of  fuel  storage  systems  for  community  shelters,  it  is 

f  nt'cessary  to  consider  the  possible  influences  of:  natural  weather  conditions, 
blast  pressure  or  ground  shock,  initial  gamma  radiation,  neutron  flux,  and  thermal 
r.ii)  itlon  resulting  from  nuclear  explosion.  In  addition,  everyday  factors  affecting 
stui ability  are:  chemical  and  physical  changes  in  the  fuel  caused  by  evaporation, 
I'xid  itlon,  and  polymerization;  contamination  of  the  fuel  by  condensed  water  vapor, 
.iir-borne  dirt,  bacteria,  and  materials  resulting  from  storage  tank  deterioration; 
i  natural  weather  and  soil  conditions  which  may  cause  mechanical  failure  of  the 
I  storage  tank  or  connecting  fuel  lines. 

Prime  Mover  Fuel  Reqcirements 

Engine  suppliers  usually  specify  one  or  more  comroerc la  1 ly  available  fuels 
for  use  Ir  their  engines.  These  fuels,  v^en  fresh,  %rtll  have  a  tolerable  gum  con¬ 
tent,  an  acceptable  octane  or  cetane  rating,  and  a  vapor  pressure  adjusted  for  warm 
or  c<'!‘i  weather  use.  The  objective  of  long-term  storage  of  fuels  is  to  ensure 
that  the  desired  fuel  properties  are  preserved.  Each  type  of  engine  has  its  own 
fuel  requirements  which  are  discussed  in  detail  in  the  following  paragraphs. 
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Compresglon-Ignltton  Engines 


Fuel  for  a  compression-ignition  engine  should  meet  standards  of;  cetane 
rating,  vaporization  characteristics,  sulfur  content,  corrosion  properties,  gum 
content,  and  carbon  residue.  Cetane  rating  is  an  indication  of  the  ignition 
quality  of  the  fuel.  An  adequate  cetane  rating  is  necessary  to  enable  the  engine 
to  deliver  full  power.  The  cetane  ratings  of  commercial  diesel  fuels  vary  widely. 
Ratings  between  40  and  60  are  acceptable  for  most  diesel  engines.  Fuels  with  values 
below  40  cause  engine  smoking  and  loss  of  power.  For  a  particular  engine,  the  manu¬ 
facturer  should  be  consulted  regarding  exact  fuel  requirements. 

Loss  of  the  lighter  fractions  of  the  fuel,  a  potential  result  of  long¬ 
term  storage,  may  seriously  affect  vaporization  characteristics.  The  principal 
result  will  be  that  the  engine  will  exhibit  poor  cold-starting  characteristics. 
Ho«#ever,  there  may  also  be  some  depression  of  the  cetane  rating  of  the  fuel.  If 
the  fuel  remains  adequate  for  full-load  engine  operation,  any  decrease  in  cold- 
starting  ability  because  of  depreciation  of  vaporization  characteristics  can  be 
compensated  for  by  the  use  of  a  cold-starting  aid  such  as  ether  sprayed  into  the 
air  Intake  system.  Several  compounds  are  commercially  available  for  thi.:>  purpose. 

ASIM  Standard  D975-T  for  diesel  fuel  allows  a  maximum  sulfur  content  of 
l.O  per  cent  by  weight.  Sulfur  contents  of  0.5  per  cent  or  less  are  preferred  for 
an  engine  which  is  idle  for  long  periods  of  time.  A  sulfur  content  of  0.5  per  cent 
is  common  for  premium  diesel  fuels.  Thr  ASTM  Standard  for  kerosene  is  based  on  its 
burning  qualities  in  an  illuminating  lamp.  No  maximum  sulfur  content  is  given; 
however,  the  burning-quality  requirement  indirectly  places  limits  on  the  sulfur 
content.  As  a  result,  sulfur  contents  of  less  than  0.1  per  cent  are  common  in 
kerosene.  The  corrosiveness  of  the  fuel  is  related  more  to  the  chemical  form  of 
the  sulfur  than  to  the  total  sulfur  content.  A  corrosive  fuel  is  unacceptable 
brcause  of  the  possibility  of  damage  to  the  close  fitting  parts  of  the  engine,  the 
furl  pump,  and  the  injectors  as  well  as  to  the  storage  tank  and  fuel  supply  lines. 

Sulfur  dioxide  or  sulfur  trioxide  formed  in  the  engine  combustion  chamber 
-  HI  be  largely  expelled  with  the  engine  exhaust.  Oxides  of  sulfur  will  combine 
.ith  %Miter  vapor  and  condense  to  form  sulfurous  acid  if  the  temperature  of  the 
exhaust  gases  falls  below  approximately  300  F.  Accordingly,  sulfur  could  cause 
corrosion  problems  In  the  exhaust  system  if  the  engine  la  operated  for  too  short  a 
tlsK  during  exercising,  or  the  exhaust  gases  are  cooled  below  300  F  by  a  waste-heat 
recovery  system  in  the  exhaust.  It  is  also  possible  that  oxides  of  sulfur  could 
ccMitaminate  the  lubricating  oil  and  contribute  to  varnish  formation  on  the  cylinder 
walls. 


ASTM  Standard  D975-60T  for  dleael  fuel  does  not  list  a  maxi-iium  gum  conccn- 
traMon  level.  The  soluble  gum  does  not  appear  to  be  directly  harmti:!  to  operation. 
The  ilquid  fuel, along  with  the  dissolved  gum, is  injected  directly  into  the  combis- 
tlon  chamber.  The  gum  burna,  along  with  the  fuel,  ano  the  products  of  combustion 
are  exhausted  iiom  the  system. 

Insoluble  gum,  which  does  not  settle  out  in  the  inain  fuel  tank,  is 
filtered  out,  to  a  large  degree,  before  It  reaches  the  critical  parts  of  the  fuel 
system.  The  insoluble  gum  which  does  pass  through  the  filter  system  Is  In  the 
form  of  finely  divided  particles,  5  microns  or  lets  In  diameter.  These  gum  parti¬ 
cles  will  contribute  to  galling  of  the  precision  parts  in  the  system.  It  will  a- so 
contribute  to  carbon  formation  in  the  combustion  chamber.  However,  the  small  amount 
of  gum  which  will  pass  a  good  filter  shoulu  be  tolerable. 
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Carbon  residue  la  Chat  part  of  the  fuel  that  remains  when  the  heavy 
fractions,  including  gum,  are  burned  with  a  limited  supply  of  oxygen.  Further 
oxidation  of  the  carbc^  residue  leaves  an  ash.  Under  full-load  operating  condi¬ 
tions,  the  detrimental  effects  of  carbon  residue  ere  minimized.  Under  all  operating 
conditions,  the  effect  of  ash  on  engine  wear  is  slight. 


Spark-Ignition  Engines 


Fuel  tot  a  spark-ignition  engine  should  meet  standards  for  octane  rating, 
gum  content,  sulfur  content,  corrosion  properties,  and  vaporization  characteristics. 
The  octane  rating  of  a  spark-ignition  engine  fuel  is  a  measure  of  the  anti-knock 
characteristics  of  the  fuel.  As  a  rule,  the  octane  requirement  of  an  engine 
increases  with  load.  Therefore,  Che  fuel  in  storage  must  retain  an  octane  rating 
suitable  for  full-load  operation. 

Operation  of  the  spark-ignition  engine  requires  that  the  fuel  be  vaporized 
before  entering  the  combustion  chamber.  As  a  result,  any  nonvolatile  constituents, 
such  as  dissolved  gums,  are  largely  dropped  out  in  Che  carburetor,  along  the  intake 
manifold,  and  on  the  intake  valves  and  ports. 

The  petroleum  fuels  cou«4.uered  in  this  discussion  which  may  be  used  in 
spark-ignition  engines  are  gasoline  and  liquified  petroleum  gas  (LPG) .  Spark- 
ignition  engines  designed  specifically  to  operate  on  LPG  are  available.  Also, 
gasoline  engines  may  be  modified,  with  commercially  available  kits,  for  LPG  opera¬ 
tion.  However,  these  kits  not  change  the  octane  requirements  of  the  engine. 
Consequently,  the  gasoline  eivgie  modified  for  LPG  operation  cannot  derive  maximum 
benefits  from  the  higher  octane  qua  I it is  of  the  LPG  fuel. 

ASTM  Standard  D439  for  gasoline  specifies  a  laaximum  gum  content,  soluble 
and  insoluble,  of  5  grama  per  100  liters.  This  is  considered  tolerable  in  spark- 
igiullon  engines.  Gum  particles  will  be  deposited  when  the  gasoline  is  evaporated. 
However,  a  light  oil,  which  is  usually  mixed  with  the  gasoline,  will  also  be 
deposited  and  will  act  to  wash  the  gums  along  the  distribution  System  and  into  the 
VO  .buatlon  chamber.  As  a  result,  gum  from  the  fuel  is  ultimately  burned  and 
exhausted  from  the  system.  The  standard  of  5  grams  of  gum  per  100  liters  of  gaso¬ 
line  should  be  a  safe  level.  Work  done  by  Southwest  Research  Institute(®)  indicates 
that  gum  contents  as  high  as  7  grams  per  100  liters  may  be  tolerated  for  350  hours 
of  operation.  However,  this  cannot  be  considered  as  an  absolute  value  for  all 
spark-ignition  engines,  because  the  tolerable  gum  content  Is  a  function  of  the 
nature  of  the  gum,  engine  design,  the  quantity  of  light  oil  mixed  into  the  gasoline, 
and  the  engine  exercise  program. 

A  critical  factor  affecting  the  reliability  of  gasoline -engine-powered 
emergency  stand-by  equipment  is  the  formation  of  gum  in  the  carburetor  jets  during 
idle  time.  When  an  engine  is  not  operating,  slow  evaporation  of  the  iuel  from  the 
carburetor  Jets  and  the  float  chamber  results  in  gum  deposits  at  the  point  of 
evaporation.  This  is  one  reason  that  weekly  exercising  of  gasoline  engines  is 
frequently  recomnended .  For  longer  periods  of  non-use,  the  fuel  should  be  removed 
from  the  carburetor. 

Sulfur  content  as  high  at  0.25  per  cent  is  considered  acceptable  in  n»ost 
federal  gasoline  specifications.  Because  an  emergency  stand-by  power  plant  Is  idle 
most  of  the  time,  it  is  more  susceptible  to  corrosion  attack  than  regularly  operated 
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englncs.  For  this  reason,  a  sulfur  content  of  0.1  per  cent  or  less  is  desirable. 
Sulfur  dioxide  or  sulfur  trioxlde  formed  in  the  combustion  chamber  will  be  largely 
expelled  with  the  engine  exhaust.  Oxides  of  sulfur  will  condense  to  form  sulfurous 
acid  If  the  temperature  of  the  exhaust  gases  drops  below  300  F.  Therefore,  sulfur 
could  cause  corrosion  problems  in  the  exhaust  system  if  either  the  exercise  period 
is  too  short  to  fully  warm  up  the  engine  or  the  exhaust  gases  are  cooled  below  this 
temperature  in  a  waste-heat  recovery  system.  It  is  also  possible  that  oxides  of 
sulfur  could  contaminate  the  lubricating  oil  and  could  contribute  to  varnish  forma¬ 
tion  on  cylinder  walls. 

As  In  the  case  of  the  compression-ignition  fuels,  long-term  storage  of 
gasoline  will  result  in  loss  of  the  lighter  fractions  which  can  seriously  affect 
the  vaporizing  characteristics  causing  poor  cold  starting.  As  long  as  the  gasoline 
is  adequate  for  full-load  operation,  however,  any  cold-starting  difficulties  can  be 
compensated  for  by  the  use  of  highly  volatile  cold-starting  aids  which  are  commer¬ 
cially  available  for  gasoline  engines  as  well  as  for  diesel  engines. 

ASTM  Standard  D1835-61T  for  liquified  petroleum  gas  (LPG)  calls  for  a 
maximum  sulfur  content  of  15  grams  per  15  cubic  feet  of  gas,  Propene  (propylene), 
an  olefin,  is  a  common  contaminant  in  LPG.  Although  propene  is  stable  in  storage, 
its  octane  rating  is  lo%^r  than  either  propane  or  butane,  the  primary  constituents 
of  LPG,  and  its  burning  characteristics  are  inferior.  For  these  reasons,  the  pro¬ 
pene  in  LPG  should  be  limited  to  5  per  cent.  Spark-ignition  engines  operating  on 
propane -butane  mixtures  should  exhibit  clean-burning  as  well  as  gum-free  operation. 


Gas  Turbines 


The  fuel  requirements  for  gas  turbines  are  much  less  stringent  than  those 
for  compression-ignition  and  spark-ignition  engines.  The  gas  turbine  is  capable  of 
burning  any  of  the  commercially  available  petroleum  fuels.  However,  the  use  of 
le.icled  gasoline  is  not  recommended.  Leaded  gasoline  will  cause  a  high  rate  of  lead 
oxide  deposition  on  the  turbine  blades,  in  the  conbustion  chamber,  and  in  the 
rcg<  Iterator .  This  seriously  shortens  turbine  useful  life  and  could  also  reduce 
power  output  and  efficiency. 


Fuel  Deterioration 


As  a  rule,  evaporation,  oxidation,  polymerization,  and  contamination  all 
have  a  detrimental  effect  on  the  quality  of  most  petroleum  fuels  during  storage. 
These  result  in  the  formation  of  gum,  gel,  and  sludge.  The  reactions  are  inter¬ 
related,  complex,  and  difficult  to  predict. 

Figure  37  sho%rs  typical  atmospheric-pressure  distillation  curves  for  the 
liquid  petroleum  fuels  considered  in  this  discussion. (^)  Because  gasoline,  kero¬ 
sene,  and  No.  2  diesel  fuel  are  made  of  a  variety  of  hydrocarbon  components, 
evaporation  of  the  lighter  fractions  of  the  fuel  over  a  period  of  time  will  result 
in  an  increased  concentration  of  the  higher-boiling-point  components.  Consequently, 
gradual  evaporation  during  storage  modifies  the  composition  of  the  fuel.  The 
evaporation  problem  is  most  severe  for  gasoline. 
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FIGURE  37.  TYPICAL  ASTM  DISTILIATION  CURVES  FOR  PETROLEUM  FUELS 

Some  degree  of  evaporation  in  a  vented  tank  is  to  be  expected  because  of 
"breathing"  and  diffusion.  Breathing  is  caused  by  the  expansion  and  contraction  of 
the  tank  contents  due  to  temperature  changes.  Also,  expansion  and  contraction  of 
the  vapor -air  mixture  at  the  top  of  a  vented  tank  due  to  changes  in  barometric 
pressure  and  wind  velocity  is  a  factor.  Above-ground  storage  tanks  are  subjected  to 
more  frequent  and  much  greater  temperature  changes  than  underground  tanks.  The 
temperature  of  the  fuel  in  an  above-ground  tank  may  vary  as  much  as  100  F  throughout 
the  year,  whereas  in  an  underground  tank  total  temperature  variations  of  about  40  F 
are  more  typical.  The  fuel  storage  system  should  be  designed  either  to  eliminate  or 
greatly  retard  evaporation. 
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Of  the  many  chemical  reactions  which  may  take  place  in  stored  fuel, 
partial  oxidation  and  polymerization  are  most  important.  Of  these  two,  oxidation 
is  the  predominant  reaction.  Unsaturated  molecules,  primarily  olefins,  and 
impurities  in  the  fuel  will,  in  time,  polymerize  or  react  to  form  various  products, 
some  of  which  could  adversely  affect  engine  operation.  These  reaction  products  are 
commonly  called  gum,  sluage,  and  gel. 

The  gummy  substance  formed  as  a  result  of  oxidation  and  polymerization  is 
called,  appropriately  enough,  gum.  Gums  may  be  either  soluble,  and  th««  not 
detectable  until  the  fuel  is  evaporated,  or  insoluble,  and  thus  removable  by  filtra¬ 
tion.  Slugde  is  a  general  term  which  is  applied  to  all  insoluble  material  vdilch 
settles  to  the  bottom  of  a  fuel  tank.  Insoluble  gums  which  stay  suspended  in  the 
fuel  are  not  considered  part  of  the  sludge.  Insoluble  gums  which  adhere  to  steel 
tank  walls  or  other  iron-alloy  system  components  in  contact  with  the  liquid  fuel 
are  referred  to  as  adherent  gums. 

No  two  batches  of  fuel  coming  from  a  given  refinery  are  exactly  alike  in 
every  respect.  Likewise,  fuels  from  different  refineries  are  not  alike.  Experience 
has  shown  that  in  some  instances  different  batches  of  fuel  are  not  compatible.  That 
is,  when  the  ttra  are  mixed,  the  gum  and  sludge  formation  is  greater  than  that  which 
might  be  expected  considering  the  original  gum  content  of  the  two  separate  fuels. 

Generally  speaking,  either  straight-run  fuels  or  completely  hydrogenated 
cracked  fuels,  both  of  which  contain  a  minimum  of  olefins,  will  offer  the  least 
potential  for  gum  and  sludge  formation.  Sludge  formation  is  accelerated  by  high 
temperatures,  oxygen,  and  the  catalytic  action  of  corrosion  products.  Water  in  a 
fuel  storage  tank  will  increase  the  amount  of  corrosion  products  vdiicl  might  con- 
taoiinate  the  fuel. 

The  Jelly-like  deposit  which  forms  on  copper-base  alloys  and  zinc  is 
referred  to  as  gel.  Chemically,  gels  are  largely  copper  and  zinc  mercaptides. 

Gels  form  as  a  result  of  a  reaction  between  the  mercaptans  in  the  fuel  and  copper 
and/or  zinc.  Fuels  low  in  mercaptans,  less  than  1  gram/liter  of  sulfur,  in  general, 
have  low  gel-forming  rates. 

Sulfur  in  a  fuel,  if  in  a  certain  chemical  form,  will  cause  harm  by  contri¬ 
buting  to  the  corrosiveness  of  the  fuel,  contaminating  the  engine  lubricating  oil, 
or  corroding  the  engine  exhaust  system.  Fuel  corrosiveness  is  a  definite  considera¬ 
tion  in  the  fuel  storage  problem.  A  corrosive  fuel  will,  if  stored  for  a  long  period 
of  time,  not  only  significantly  corrode  the  fuel  system,  but  also  contribute  to  gum 
and  sludge  formation  through  the  formation  of  catalytic  corrosion  products. 

It  is  possible,  after  long  storage,  for  noncorrosive  fuel  to  become  acetic 
due  to  a  reaction  between  the  sulfur  compounds  in  the  fuel  and  oxygen.  Should 
corrosion  become  evident,  a  corrosion  inhibitor  should  be  added  and  the  fuel  re¬ 
tested.  Compatible  corrosion  inhibitors  can  be  obtained  from  fuel  suppliers. 

The  corrosiveness  of  a  fuel  can  be  determined  through  the  ASTM  D130-36 
copper-strip  corrosion  tejt.  Briefly,  this  test  consists  of  immersing  a  freshly 
polished  copper  strip  in  a  fuel  sample  and  sealing  the  container.  The  sample  is 
then  heated  after  idiich  the  copper  strip  is  removed  and  compared  with  a  set  of  ASTM 
standard  copper  corrosion  plaques. 
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Deposition  of  dirt  in  water  condensed  from  vapor  in  the  air  occurs  in 
vented  fuel  storage  tanks  because  of  the  breathing  of  the  tank.  The  water^  which 
is  heavier  than  the  fuel,  collects  on  the  bottom  of  the  tank  and  can  be  pumped  out 
periodically.  The  presence  of  water  in  a  tank  may  be  detected  by  applying  a 

substance  commonly  called  "water  indicating  paste"  to  a  dip  stick  and  inserting 

the  stick  in  the  tank.  Water  is  indicated  by  a  change  in  the  color  of  the  paste. 

Some  fuels  support  bacterial  gro%^h.  This  is  most  pronounced  in  open 
tanks  and  in  the  presence  of  water.  Additives  suitable  for  retarding  bacterial 
4;rowfh  are  available  from  the  refiners  and  should  be  used,  particularly  if  the  fuel 
is  to  be  stored  in  a  vented  tank  for  a  long  period  of  time. 

The  fuel  can  also  be  contaminated  as  the  fuel-storage  tank  rusts  from  the 

outside  in.  For  above-ground  storage,  periodic  painting  of  the  outside  of  the  tank 
should  be  adequate.  Proper  installation  of  an  underground  storage  tank  will  depend 
on  local  soil  and  water-table  conditions.  Conventional  corrosion  protection  methods 
should  be  used  for  the  storage  tank. 


Effects  of  Nuclear  Weapons 


The  design  of  a  shelter  system  must  include  protection  of  stored  fuel 
from  the  primary  effects  of  a  nuclear  explosion.  These  effects  include  one  or  more 
of  the  following:  blast,  thermal  radiation,  initial  ionizing  radiation,  and 
ionizing  radiation  from  fallout. 


Blast 


Air-burst  nuclear  weapons  produce  two  pressure  effects:  overpressure  and 
dynamic  pressure.  Overpressure  is  the  pressure  in  excess  of  atmospheric  which  exists 
at  the  blast  wave  front.  Dynamic  pressure  is  the  pressure  resulting  from  the  strong 
winds  accompanying  passage  of  the  blast  wave. 

Above  ground,  the  storage  tanks  must  resist  both  pressure  effects.  This 
mea^o  that  they  have  to  be  well  anchored  to  resist  dynamic  pressure  and  ruggedly 
designed  to  resist  crushing  resulting  i  pressure.  Also,  protection  has  to 

be  provided  to  prevent  damage  by  flying  deb4...j. 

Under  ground,  the  storage  tanks  would  be  affected  primarily  by  over¬ 
pressure.  An  exception  is  the  tank  vent  which  would  also  be  affected  by  dynamic 
pressure. 


Both  the  aboveground  and  underground  storage  tanks  must  be  designed  to 
prevent  the  vents  from  being  damaged  by  bending,  etc.,  to  prevent  overpressure  from 
bursting  the  tank,  and  to  ensure  that  the  blast  does  not  crack  or  rupture  the  tank. 

Fuel  tanks  should  be  designed  to  withstand  a  higher  blast  pressure  than 
the  shelter  proper,  because  cracked  or  torn  seams  in  the  shelter  may  not  render  the 
shelter  unusable  whereas  an  opening  in  tlie  bottom  or  side  of  the  fuel  tank  would 
cause  power  system  failure.  As  the  blast  and  shock  waves  pass  some  relative  move¬ 
ment  between  the  shelter  and  the  fuel  tank  will  occur  due  to  downward  displacement 
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and  vibration.  Adequate  flexibility  should  be  provided  in  the  piping  connecting  the 
fuel  tank  to  the  shelter  to  allow  for  the  relative  movement. 


Thermal  Radiation 


The  technique  for  providing  protection  against  thermal  radiation  is 
essentially  one  of  providing  enough  thermal  insulation  to  shield  components  of  the 
fuel  storage  facility  from  the  heat  associated  with  the  design  blast  pressure.  At 
blast  pressures  of  100  psi,  there  will  be  intense  heating  of  exposed  vents,  etc., 
due  to  thermal  radiation  and  hot  gases.  Thermal  radiation  levels  of  about  600 
calories  per  square  centimeter  and  gas  temperatures  up  to  1800  F  are  typically 
associated  with  this  blast  overpressure.  The  high  heat  flux  period  passes  within 
15  to  20  secondsC^O)  for  a  1-megaton  explosion.  Consequently,  although  surface 
temperatures  become  quite  high,  the  heat  does  not  have  time  to  penetrate  very  far 
before  the  wind  associated  with  the  blast  wave  begins  to  cool  the  heated  surfaces. 
Thus,  aboveground  structures  which  are  heavy  and  rugged  enough  to  withstand  the 
blast  may  be  expected  to  tolerate  the  heat.  Under  most  conditions,  it  should  be 
possible  to  provide  sufficient  shielding  to  protect  fuel  from  any  noticeable 
tesiperature  rise.  However,  in  some  situations,  it  may  be  necessary  to  plan  for 
some  temperature  rise  due  to  heat  from  either  the  direct  effects  of  the  nuclear 
explosion  or  the  secondary  fires  resulting  from  the  explosion.  Fuels  may  be 
heated  to  150  F  for  short  periods  of  time  (1  hour  or  less)  without  causing  chemical 
breakdown  or  excessive  gum  formation.  However,  at  this  temperature,  the  lighter 
fractions  in  gasoline  fuel  would  be  lost  due  to  "boil-off". 


Initial  and  Fallout  Radiation 


Ionising  radiation  resulting  from  a  nuclear  explosion  can  damage  petro¬ 
leum  products  if  the  radiation  levels  are  sufficiently  high.  However,  the  radiation 
levies,  both  Initial  and  fallout,  associated  with  blast  overpressures  of  100  psi  or 
less  do  not  appear  to  be  high  enough  to  be  of  concern.  Above  100  psi  blast 
pressures,  shielding  against  the  effects  of  initial  radiation,  gamma  rays,  and 
neutron  flux  should  be  considered. 

Uhen  petroleum  fuels  are  exposed  to  ionising  radiation,  chemical  bonds 
are  broken  with  the  subsequent  release  of  hydrogen  and  the  possible  polymerisation 
to  gum-forming  substances  or  to  substances  which  cause  changes  in  viscosity.  The 
following  was  taken  from  a  report  by  the  Esso  Research  and  Engineering  Company: 

"The  studies  show  that  unsaturated  compounds  are  more  reactive  than 
saturates,  and  aromatic  compounds  are  the  most  stable  of  all . irradiation  experi¬ 

ments  with  multicomponent  systesw  indicate  that  data  >n  individual  organic  compounds 
cannot  predict  the  radiolysis  behavior  of  complex  mixtures  of  the  type  found  in 
petroleum. 


"A  review  of  the  available  data  on  the  radiolytic  behavior  of  petroleum 
fractions  reveals  that  they  can  usually  be  exposed  to  radiation  dosages  in  the 
range  of  iO^  to  10^  rads  without  serious  damage  to  properties  affecting  their  end 
use.  With  Jet  fuels,  for  example,  doses  ir.  the  neighborhood  of  107  rads  have  been 
observed  to  produce  threshold  damage  effects.  Petroleum-based  lubricants  can 
generally  withstand  several  tiaws  this  amo  nt  of  radiation.  Literature  data  on 
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dlesel  fuel,  gasoline,  and  other  petroleum  fractions  are  meager;  but  it  appears 
that  they  should  be  as  stable  as  Jet  fuel  unless  they  contain  radiation-sensitive 
additives  such  as  tetraethyl  lead.  Crude  oil  apparently  la  more  radiation 
resistant  than  any  of  the  products  prepared  from  it. 

"The  available  data  on  the  evolution  of  gas  from  irradiation  hydrocarbons 
show  that  the  rar^^e  of  gas  yields  is  1  to  5  milliliters  of  gas  per  milliliter  of 
liquid  per  108  rads  dosage,  A  consideration  of  the  possibility  that  gamma  rays  and 
fast  neutrons  may  differ  in  their  effectiveness  for  causing  radiation  damage  has  led 
to  the  conclusion  that  in  most  cases  serious  errors  will  not  be  introduced  by 
assuming  equal  damage  from  equal  energy  input." 

A  later  report (12)  confirmed  the  correctness  of  the  above  information  on 
radiation  damage. 

Therefore,  from  the  point  of  view  of  the  petroleum  products,  it  is 
recommended  that  the  fuel  storage  tank  and  the  power  system  enclosure  be  shielded 
to  limit  the  exposure  to  not  more  than  1  million  rads  or  approximately  1  million 
roentgens.  This  measurement  of  total  exposure  for  a  two-week  period  should  include 
both  gamma  radiation  and  neutron  flux.  Initial  radiation  levels  of  I  million  rads 
will  not  be  associated  with  blast  pressures  of  100  psi  or  lower.  At  a  given  blast 
overpressure,  the  associated  initial  radiation  intensity  increases  as  the  weapon 
size  decreases.  Thus,  after  a  design  blast  pressure  has  been  selected,  the  shield¬ 
ing  should  be  selected  on  the  basis  of  the  radiation  characteristics  of  the  smallest 
weapon  likely  to  be  used. 

The  gas  released  from  2,300  gallons  of  fuel  (approximate  two-week  supply 
for  100-hp  prime  mover)  tdien  exposed  to  10^  roentgens  would  be  about  20  cu  ft, 
as'^uming  the  maximum  release  rate.  This  quantity  would  be  equal  to  about  6  per 
c  nt  of  the  total  stored  volume  of  fuel.  Petroleum-base  hydraulic  fuels  may  be 
expected  to  react  to  radiation  exposure  In  the  same  manner.  Therefore,  it  is 
desirable  to  provide  some  excess  storage  capacity  in  all  fuel  and  oil  tanks  so 
that  the  tank  pressures  will  not  exceed  an  allowable  maximum. 


Fuel  Storage  Techniques 


Many  techniques  are  available  to  the  shelter  designer  for  storing  liquid 
fuels.  Those  techniques  considered  most  applicable  to  cotimunity  shelters  wi  1 1  be 
discussed  here.  In  selecting  a  storage  technique,  the  Important  considerations 
are;  prevention  of  deterioration,  preservation  of  combustion  qualities,  and 
sMetlng  the  requirements  imposed  by  state  and  local  fire  and  safety  regulations. 
Regarding  the  latter,  it  is  reasonable  to  expect  that  in  some  instances  it  will  be 
necessary  to  obtain  special  permission  in  order  to  use  the  most  satisfactory  storage 
system. 

Commercial  fuels  are  not  formulated  for  long-term  storage.  There  are 
two  basically  different  fuel  storage  techniques  %diich  may  be  followed:  active 
storage  and  long-term  storage.  In  an  active  fuel-storage  program  a  fuel  would  be 
replaced  or  replenished  at  regular  Intervals,  and  the  storage  tank  requirements 
would  be  relatively  uncritical.  In  a  long-term  fuel-storage  program  the  storage 
system  should  be  designed  to  preserve  the  fuel  for  the  longest  possible  period  of 
time,  and  the  fuel  quality  should  be  checked  at  regular  Intervals  so  that  the 
first  signs  of  deterioration  can  be  detected  before  there  is  serious  degradation 
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of  fuel  quallMes.  The  time  intervals  between  inspection  and/or  replacemenc  of  the 
fuel  would  vary  considerably  with  the  type  and  quality  of  the  fuel  as  well  as  with 
the  storage  conditions. 

Table  6  shows  approximate  storage  life  for  different  fuels  under  different 
Storage  conditions.  The  values  shotm  were  arrived  at  by  analysis  of  storage  life 
data  and  opinions  from  a  large  number  of  organizations  concerned  with  fuel  storage. 
Unfortunately,  there  has  been  relatively  little  research  done  on  the  problem.  As  a 
result  storage  practices  vary  widely  and  tend  to  be  conservative  relative  to  opinions 
of  maximuia  storage  life.  In  view  of  the  uncertainties  regarding  storage  life  and  of 
the  laany  variables  involved  the  estimates  given  in  Table  6  may  be  in  error  as  much 
as  50  per  cent  for  any  specific  situation. 


Active  Fuel  Storage 


Perhaps  the  simplest  arrangement  for  ensuring  an  adequate  fuel  supply 
would  be  to  connect  into  the  fuel  tank  of  a  neighboring  service  station.  If  the 
amount  of  fuel  which  the  service  statiem  would  withdraw  from  the  storage  tank  were 
limited,  the  tank  would  al%iays  contain  at  least  the  minimum  quantity  of  fuel 
required  for  operation  of  the  auxiliary  power  system.  With  this  arrangement,  some 
of  the  fuel  in  the  tank  would  be  continually  withdrawn  and  replaced.  As  a  rest  It 
of  frequent  mixing  and  dilution  by  the  fresh  supply,  the  over-all  quality  of  the 
fuel  should  remain  adequate.  Once  a  routine  was  established  and  checked,  this 
storage  arrangement  should  not  require  a  detailed  fuel  monitoring  program. 

Another  possibility  along  these  lines  is  to  install  an  oversized  tank  at 
the  shelter  and  then  to  arrange  for  a  private  organization  to  use  the  fuel  facility. 

A  positive  means  should  be  provided  to  limit  the  amount  of  fuel  that  could  be  with¬ 
drawn  by  the  user  so  that  the  coiamunity  shelter  minimum  fuel  supply  would  not  be 
Jeopardised  by  haman  error  or  otherwise.  Again,  the  frequent  withdrawal  and  replace¬ 
ment  of  fuel  should  ensure  a  supply  of  reasonably  fresh  fuel. 

Figure  38  is  a  schematic  illustration  of  an  underground  vented  fuel-storage 
tank.  The  components  are  arranged  so  as  to  be  consistent  with  typical  code  require¬ 
ments.  The  vent  should  not  be  located  next  to  a  building  or  under  the  overhang  of  a 
building.  Fire  regulations  smy  require  that  the  fuel  line  between  the  tank  and  the 
shelter  slope  toward  the  fuel  tank.  If  this  is  the  case,  the  arrangement  shown 
would  have  to  be  modified  or  special  permission  would  have  to  be  obtained.  Per¬ 
mitting  gravity  feed  of  the  fuel  from  the  tank  to  the  shelter  does  involve  the  risk 
of  draining  the  entire  fuel  supply  Into  the  prime  mover  enclosure  if  the  shutoff 
valve  is  accidentally  left  open  and  there  is  a  leak  In  the  piping  system  within  the 
shelter.  However,  the  siaq>llcity  of  gravity  feed  is  a  significant  advantage  in 
terms  of  both  cost  and  reliability,  and  close  control  over  operation  of  the  fuel 
system  should  minisdze  the  risk  of  flooding. 

Flexible  sections  are  included  in  the  fuel  lines,  both  between  the  fuel 
tank  and  the  shelter  and  between  the  shelter  floor  and  the  prime  mover  to  reduce  the 
dai^er  of  failure  in  the  lines  due  to  the  relative  isovement  of  these  components.  A 
charging  pump  is  provided  in  the  system  in  the  event  that  minor  blockage  in  the  fuel 
system  should  prevent  normal  gravity  flow  to  the  "day  tank".  The  "day  tank",  mounted 
on  the  engine,  reduces  the  number  of  fuel  lines  which  must  be  run  between  the  main 
fuel  tank  and  the  power  source;  provides  for  additional  settling  and  straining  of 
insoluble  contaminants  from  the  fuel;  and  provides  the  proper  fuel  pressure  head 
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FIGURE  38.  UNDERGROUND  VENTED  FUEL-STORAGE  SYSTEM 


rcgardlo*  of  the  aiaount  of  fuel  In  the  etorage  tank  and  of  the  orientation  of  the 
atoragc  tank  with  respect  to  the  prlsM  mover. 

The  approximate  storage  life  that  can  be  expected  when  commercial  fuels 
are  stored  in  vented  tanks  was  presented  in  Table  6.  The  data  of  this  teble  indi¬ 
cate  that  the  potential  storage  life  of  all  of  the  fuels  la  approx imstely  double 
whan  a  vented  tank  is  located  underground  rather  than  aboveground.  The  additional 
advantages  of  the  uik!  rgroimd  tank  (i.e.,  better  blast  and  radiation  protection, 
reduced  danger  from  weathering,  falling  debris,  and  tampering,  and  reduced  tempera¬ 
ture  axtresMs)  are  reasonable  justification  for  iostalliog  the  fuel  storage  tank 
underground. 

If  the  fuel  is  to  be  completely  replaced  periodically  and  often  enough  to 
guarantee  acceptable  fuel  quality  at  any  time,  the  replacement  intervals  oHiSt  be 
about  half  the  storage  times  shown  in  Table  6  due  to  the  uncertainties  in  the 
Storage  life  data.  The  old  fuel  whicl>  is  reoMved  from  the  storsge  tank  should  have 
a  resale  value  fairly  close  to  its  original  value;  hence  the  cost  of  the  fuel 
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replacement  program  would  be  largely  the  labor  involved  In  pumping  'ut  the  old  and 
pumping  in  the  new  fuel.  The  frequent -replacement  approach,  assumt.  ^  a  properly 
chosen  replacement  interval,  should  be  reliable,  and  at  the  same  time  make 
unnecessary  repeated  laboratory  analysis  of  the  stored  fuel. 


Long-Term  Fuel  Storage 


The  data  of  Table  6  show  that  fuel  storage  life  can  be  increased  by 
sealing  the  underground  tank.  Sealing  the  tank  will  limit  the  amount  of  moisture 
and  oxygen  to  which  the  stored  fuel  is  exposed  and  will  also  limit  the  rate  of 
evaporation.  To  change  a  vented  storage  system,  as  shown  in  Figure  38,  to  a 
partially  sealed  system  requires  only  replacing  the  vent  cap  with  pressure  and 
vacuum  relief  valves  which  are  designed  to  seal  at  pressures  up  to  2  psig  and  to 
admit  air  at  a  vacuum  of  about  1/16  psig.  If  the  proper  ratio  between  air  space 
and  fuel  volume  is  used,  valves  of  this  type  will  reduce  tank  breathing  considerably. 
Commercial  fuel  tanka  are  generally  pressure  tested  at  5  psig;  consequently,  2  psig 
would  not  be  an  excessive  pressure.  In  some  instances,  fire  regulations  may  require 
the  addition  of  a  safety  relief  valve  with  a  pressure  setting  of  about  2-1/2  psig. 

A  further  refinement  of  the  partially  sealed  fuel  storage  tank  system  would  be  the 
addition  of  a  dessicant  canister  a  few  feet  above  ground  level  in  the  vent  line. 

If  this  is  done,  even  the  small  amount  of  air  entering  the  air-vapor  space  above 
the  fuel  would  contain  only  a  negligible  amount  of  moisture. 

Figure  39  is  a  schematic  illustration  of  an  underground  sealed  fuel-storage 
tank  with  positive  nitrogen  pressure  above  the  fuel.  This  type  of  fuel-storage 
system  is  frequently  referred  to  as  a  nitrogen-blanket  system.  The  nitrogen 
blanket  prevents  air  and  water  vapor  from  coming  Into  contact  with  the  fuel.  A 
minimum  nitrogen  pressure  of  about  0.5  psig  shoild  be  maintained  on  the  fuel,  and 
an  allowance  should  be  made  for  expansion  of  the  fuel  due  to  seasonal  temperature 
variations  by  filling  the  tank  to  only  90  or  95  per  cent  of  Ita  capacity.  The 
tank  must  be  equipped  with  a  pressure  relief  valve  to  prevent  the  Internal  pressure 
from  exceeding  the  design  limit.  A  vacuum  relief  valve  Is  required  to  prevent 
damage  to  the  tank  In  case  the  nitrogen  supply  should  be  exhausted  and  subsequently 
the  liquid  level  in  the  tank  would  be  lowered  by  a  decrease  In  temperature  or  by 
removal  of  fuel  from  the  tai.k. 

The  storage  system  can  be  checked  for  serious  leaks  by  simple  observa¬ 
tion  of  the  rate  of  pressure  loss  from  the  nitrogen  tank.  Small  leaks,  however, 
may  be  masked  by  pressure  fluctuations  resulting  trom  temperature  changes.  A 
Small  surge  chamber  located  between  the  nitrogen  tank  and  the  pressure  reducer  will 
be  a  useful  aid  in  determining  the  presence  of  small  leaks.  All  but  the  mosL  minute 
leaks  can  be  detected  if  the  tank  valve  is  closed  and  the  rate  of  pressure  decline 
in  the  Surge  chamber  is  observed  over  a  lO-mlnute  period.  The  nitrogen  consumption 
of  Such  a  system  would  have  to  be  determined  after  Insta  1 1  it  ion ,  Because  pressurliied 
nl t rogen -b lanket  storage  systems  are  seldom  used,  such  an  installation  m  Ight  require 
special  approval  from  state  and  local  authorities. 

Figure  40  is  a  schen«it  i  ;  illustration  of  an  underground  storage  tank  for 
LPG .  LPG  is  Supplied  and  stored  in  pressure  vessels  as  a  liquid.  The  storage 
pressure  varies  with  the  ambient  temperature  and  can  approach  200  psi  in  warm 
weather.  Th>'  liquid  must  be  vapori  jd  by  heat  addition  before  it  can  be  passed 
through  a  carburetor  and  into  an  engine  for  combustion. 
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PIG«E  39.  UNDERGROUND  SEALED  FUEL-STORAGE  SYSTEM  W^TH  POSITIVE  NITROGEN  PRESSURE 


FIGURE  40.  UNDERGROUND  LPG  FUEL-STORAGE  SYSTEM 
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Theie  are  two  methods  in  common  use  for  withdrawing  LPG  fuel  from  the 
storage  tank  during  engine  operation.  These  two  methods  are  vapor  withdrawal  and 
liquid  withdrawal.  The  vapor  withdrawal  method  is  illustrated  in  Figure  40.  In 
this  system  the  fuel  vaporizes  in  the  tank  above  the  liquid  surface.  ».  heat 
required  for  vaporization  is  supplied  by  the  earth  surrounding  the  tank.  The 
vapor,  which  is  abov'  itmospheric  pressure,  flows  through  the  fuel  line,  a  primary 
regulator,  a  dry-type  filter,  an  electric  shut-off  valve,  and  finally  through  a 
secondary  regulator,  to  the  carburetor.  As  long  as  there  is  sufficient  new  vapor 
formed  in  the  tank  to  supply  the  engine  requirements,  the  vapor  withdrawal  system 
will  function  satisfactorily. 

It  has  been  found  by  experience  that  a  500-gallon  tank  half  full  and 
buried  at  least  2  feet  below  the  frost  line  will  vaporize  8-1/2  gallons  per  hour  at 
40  F,  and  a  half-full  1000-gallon  tank  under  the  same  conditions  will  vaporize  13 
gallons  per  hour.  A  100-hp  prime  mover  operating  at  full  load  will  consume  about 
12  gallons  per  hour  and  will  require  a  total  fuel  supply  of  about  4000  gallons  for 
a  2-week  emergency  period.  If  this  fuel  were  stored  in  a  5000-gailon  tank  buried 
at  least  2  feet  below  the  frost  line,  the  vaporization  rate  should  be  more  than 
adequate. 


The  liquid  withdrawal  method  requires  an  artificial  source  of  heat  for 
vaporization  of  the  fuel.  The  fuel  is  piped  in  liquid  form  to  the  engine  and 
passed  through  a  vaporizer  unit  which  includes  both  primary  and  secondary  regulators. 
The  usual  source  of  heat  for  the  vaporizer  is  hot  water  from  the  engine  jacket; 
however,  a  problem  arises  In  starting  and  warming  up  the  engine  before  sufficient 
jacket  heat  is  available.  Smaller  engines  can  frequently  be  started  and  warmed  up 
on  the  vapor  which  naturally  forms  in  the  tank  above  the  liquid.  This  would  depend 
on  the  volume  of  the  space  above  the  liquid  and  on  the  ambient  temperature.  For 
maximum  reliability  an  external  source  of  heat  must  be  provided  for  starting  and 
warming  up  Che  engine.  A  battery-powered  electric  heating  element  or  a  home 
"handyman" -type  propane  torch  could  be  used  to  provide  the  necessary  emergency  heat. 

As  shown  in  Table  6,  the  .istiraated  storage  life  of  LPG  is  quite  long 
compared  with  that  of  other  petroleum-based  fuels.  The  LPG  tank  is  sealed  and 
pretisur ized,  and  if  it  is  properly  purged  and  filled  initially,  there  should  be  no 
air  or  water  in  the  system. 

LPG  is  heavier  than  air  and  thus  will  seek  and  settle  in  low  places. 
Positive  means  must  be  provided  to  sweep  out  any  leakage  to  avoid  any  explosion 
hazard.  Numerous  codes  and  regulations  govern  the  installation  of  LPG  fuel  systems, 
and  these  should  be  followed  rigidly. 


Fuel  Performance  Characteristics 


Table  7  lists  the  common  petroleum-based  fuels  considered  in  this  study 
with  representative  values  for  physical  and  performance  characteristics.  The  cost 
figures  were  obtained  from  local  suppliers  in  the  Columbus,  Ohio,  area.  The  fuel- 
rate  data  were  obtained  from  the  fuel  consumption  curves  presented  in  the  Basic 
Prime  Movers  section  of  this  report.  The  least  expensive  fuel  and  also  the  fuel 
requiring  the  least  storage  volume  is  No.  2  fuel  oil.  Gasoline  is  the  most 
expeaoive  fuel,  being  twice  as  costly  for  a  2-week  period  as  No,  2  fuel  oil,  and 
LPG  requires  the  greatest  storage  volume,  almost  twice  that  required  for  No,  2 
fuel  oil. 
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TABLE  7.  REPRESENTATIVE  PHYSICAL  AND  PERFORM/VNCE 
CHARACTERISTICS  FOR  THE  COMMON  FUELS 


Fuel 

Weight, 

Ib/gal 

Lower 

Heating 

Value, 

Btu/lb 

Cost, 

$/gal 

100 -hp 
Fuel 
Ratet®) 
Ib/hr 

Prime  Mover 

2 -Week 
Supply (b) 

gsl  $ 

Gasoline 

6.07 

18,750 

0.179 

63 

3490 

625 

Kerosene 

6.80 

17,550 

0.160 

44 

2170 

347 

No.  2 

Fuel  Oil 

7.05 

17,992 

0.150 

43 

2050 

307 

LPG 

4.24 

20,015 

0.135 

51 

4040 

545 

(a)  Assuming  gasoline  used  In  gasoline  engine,  kerosene  and  No.  2  fuel 
oil  used  in  turbocharged  diesel  engine,  and  LP6  used  in  LPG  engine. 

(b)  Assuming  full-load  operation  for  full  two  weeks. 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


I 

I 

I 

I 

I 

I 

I 
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WASTE- HEAT  RECOVERY 


Coiiventlonal  prime  movers  convert  only  15  to  35  per  cent  of  the  fuel 
energy  supplied  to  useful  shaft  work.  The  bulk  of  the  remaining  energy  is 
rejected  as  heat  to  a  cooling  system  or  in  exhaust  gas  discharged  to  the  atmos¬ 
phere.  A  small  percentage  of  energy  is  rejected  as  radiation  and  in  miscellaneous 
other  ways.  Designers  and  users  of  combustion  engines  have  long  sought  practical 
means  to  recover  and  use  this  rejected  heat  energy  and  they  have  had  some  degree 
of  success.  Heat  exchangers  are  coimnerclally  available  for  the  recovery  of  engine 
cooling  water  heat  and  exhaust  gas  heat  for  use  in  space  heating,  water  heating, 
and  production  of  low  pressure  steam. 

Comnunlty  shelters  will  require  a  certain  amount  of  total  power  in 
various  energy  forms.  Among  the  possible  energy  requirements  are:  electrical 
energy  for  lighting  and  communications;  mechanical  energy  for  ventilation,  air 
conaitlonlng,  and  water  circulation  or  pumping;  and  heat  energy  for  water  heating, 
air  conditioning,  and  cooking.  The  total  energy  requirement  will  determine  the 
size  of  the  prime  mover  to  be  provided.  However,  the  size  of  the  prime  mover  for 
a  given  shelter  could  be  significantly  reduced  If  a  substantial  portion  of  the 
energy  rejected  from  the  auxiliary  power  system  could  be  recovered  and  put  to  use. 
Thus,  the  primary  power  output  of  the  prime  mover,  i.e.,  the  shaft  power,  could 
be  used  to  supply  the  mechanical  energy  requirements  of  the  shelter;  the  recovered 
energy  could  be  used  to  supply  the  heat  energy  requirements  of  the  shelter.  It  is 
als  conceivable  that.  If  the  heat  energy  requirements  are  relatively  small,  some 
of  the  recovered  heat  energy  could  be  converted  to  assist  the  prime  mover  in 
meeting  the  mechanical  energy  requirements.  This  section  of  the  report  deals  with 
the  potential  for  recovering  waste  heat  from  the  cooling  and  exhaust  systems  of 
tiie  prime  mover.  Means  for  utilizing  recovered  waste  heat  in  the  shelter  are 
discussed  and  specific  means  for  recovering  waste  heat  are  described.  The  results 
of  laboratory  tests  with  simple  exhaust  heat- recovery  equipment  are  presented. 


Wasce-Heat  Availability 


Table  8  shows  typical  heat  balances,  heat- rejection  rates,  and  exhaust 
gas  temperatures  at  continuous  rated  load  for  various  commercial  prime  movers. 
Although  these  data  are  representative,  there  may  be  wide  variations  between 
actual  engines  of  the  same  general  type.  The  heat  balance  shows  how  the  engine 
utilizes  or  rejects  the  fuel  energy  supplied.  Regardless  of  engine  type,  the 
major  portion  of  the  fuel  energy  is  rejected  as  heat,  which  is  transferred  to 

the  coolant,  carried  away  in  the  exhaust  gases,  or  radiated  to  the  surroundings. 

The  percentage  actually  converted  to  shaft  power  varies  from  15  to  35  per  cent 
depending  on  the  type  of  prime  mover.  The  coolant  and  exhaust  heat- rejection 
rates  represent  the  total  amount  of  heat  that  could  be  recovered  under  ideal 
conditions  from  the  cooling  and  exhaust  systems.  The  exhaust  gas  temperatures 
are  indicative  of  the  potential  energy  level  of  the  exhaust  heat  energy. 

For  practical  purposes  all  of  the  heat  rejected  to  the  coolant  is 
recoverable  with  a  properly  designed  cooling  system.  The  temperature  level  of 
this  recoverable  heat  is  relatively  low,  about  200  F  at  the  most.  Therefore, 
the  energy  level  is  quite  adequate  for  space  or  water  heating  but  inadequate 

for  conversion  to  mechanical  shaft  power.  Only  about  60  to  80  per  cent  (depend¬ 

ing  on  the  initial  exhaust  gas  temperature)  of  the  heat  rejected  in  the  exhaust 
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TABLE  8.  TYPICAL  HEAT  BALANCES,  HEAT- REJECT ION  RATES, 
AND  EXHAUST  GAS  TEMPERATURES 


Performance 

Parameters 

Four-Cycle 
Spark  Ignition 

Two-Cycle 

Diesel 

Four- Cycle 
TC(®) 

Diesel 

NA(b) 

Gas  Turbine 

Nr(c)  R(d) 

Fuel  energy 
converted 
to  power, 
per  cent 

26 

30 

35 

31 

15 

25 

Fuel  energy 
rejected  to 
coolant, 
per  cent 

30 

21 

22 

26 

Fuel  energy 
rejected 

In  exhaust, 
per  cent 

32 

37 

29 

30 

70 

65 

Fuel  energy 
rejected  as 
radiation, 
per  cent 

12 

12 

14 

13 

15 

10 

Coolant 
heat  loss, 
Btu/hp-hr 

2,900 

1,800 

1,600 

2,100 

Exhaust 
heat  loss, 
Btu/hp-hr 

3,100 

3,100 

2,100 

2,500 

11,900 

6,600 

Exhaust  gas 
temp,  F 

1,200 

600 

800 

900 

1,000 

500 

(a)  Turbocharged 

(b)  Naturally  aspirated 

(c) 

(d) 

Nonregenerat ive 
Regenerative 

gases  Is  recoverable  for  practical  purposes.  The  reason  for  this  liraltatton  is 
that  the  exhaust  gas  cannot  be  cooled  below  about  300  F  without  risk  of  serious 
corrosion  problems  In  the  exhaust  system  because  of  the  potential  condensation  of 
highly  corrosive  constituents  In  the  exhaust  gases.  The  energy  level  of  recover¬ 
able  exhaust  heat  Is  significantly  higher  than  that  of  recoverable  cooling- system 
heat  and,  therefore,  this  energy  may  be  used  to  produce  shaft  power  as  well  as 
for  space  and  water  heating. 


Waste-Heat  Utlllzitlon 


Waste-heat  recovery  In  commercial  power  Installations  Is  becoming  more 
prevalent. (13,14)  xn  fact,  waste-heat  recovery  Is  a  key  factor  in  the  total- 
energy-  package  concept  which  Is  being  promoted  at  the  present  time  particularly 
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for  ,‘jhopping  centers,  apartment  house  projects,  and  schools.  The  primary  Justi¬ 
fication  for  waste-heat- recovery  or  total-energy- package  systems  Is  operating 
economy.  The  concept  Is  generally  sold  where  It  can  be  demonstrated  that  the 
higher  first  cost  of  the  equipment  will  easily  be  offset  by  the  lower  fuel  and 
maintenance  costs  during  the  life  of  the  Installations. 

In  an  application  such  as  the  community  shelter  system  where  the 
operating  life  of  the  equipment  Is  measured  In  hundreds  of  hours  rather  than 
tens  of  thousands  of  hours.  It  would  appear  that  waste- heat  recovery  could  rot 
easily  be  justified  on  the  basis  of  operational  economy.  The  problem  of  deter¬ 
mining  feasibility  can  be  somewhat  simplified  by  dividing  It  Into  two  approaches: 
(1)  recovery  of  waste  heat  for  conversion  to  auxiliary  shaft  power  and  (2) 
recovery  of  waste  heat  for  heating  such  as  space  and  water. 

Several  types  of  systems  for  conversion  of  waste  heat  to  power  were 
evaluated.  These  were:  Brayton-cycle,  Stlrllng-cycle,  and  Ranklne-cycle 
external  combustion  engines;  blowdown  turbine  direct  mechanical  energy  conver¬ 
sion;  and  thermoelectric  and  thermionic  solid-state  direct  electrical  energy 
conversion.  The  Brayton,  Stirling,  and  Ranklne  cycles  would  utilize  the  waste 
heat  directly  from  the  exhaust  gases  to  supply  heat  to  an  Internal  working 
fluid;  air  for  the  Brayton  and  Stirling  cycles,  and  water  for  the  Ranklne 
cycle.  The  blowdown  turbine  would  utilize  the  kinetic  energy  of  the  exhaust 
gases.  The  thermoelectric  and  thermionic  solid-state  devices  would  utilize 
the  waste  heat  directly  from  the  exhaust  gases  to  develop  electrical  energy. 

Table  9  summarizes  the  results  of  the  evaluation  of  these  various 
energy-conversion  systems.  As  Is  shown  In  the  table,  all  of  the  energy- 
conversion  systems  except  possibly  the  Ranklne  (steam)  cycle  are  not  suitable 
for  utilizing  prime-mover  waste  heat  for  one  or  more  reasons;  equipment  not 
commercially  available,  equipment  very  expensive,  waste  heat  at  a  low  temperature 
level,  low  operating  efficiency.  Because  of  the  relatively  low  temperature  of 
the  heat  source,  l.e.,  the  exhaust  gases,  all  of  the  possible  energy- conversion 
systems  would  operate  at  low  efficiency. 

Because  steam  system  equipment  Is  commercially  available,  an  analysis 
was  made  to  determine  the  approximate  economics  of  an  actual  steam-power  wasie- 
heat  recovery  system.  If,  for  example,  a  shelter  has  a  total  power  requirement 
for  100  hp,  a  satisfactory  single  four-cycle  naturally  aspirated  diesel  engine 
can  be  obtained  for  approximately  $50  to  $60  per  hp.  A  complete  waste-heat 
recovery  system  for  this  engine  may  recover  the  equivalent  of  about  150  hp  In 
heat  energy.  If  this  heat  energy  Is  utilized  In  a  steam-power  system  the  over¬ 
all  efficiency  of  the  steam-power  system  Is  likely  to  be  only  about  10  per  cent 
for  the  size  range.  Thus,  with  full  utilization  of  the  engine  waste  heat  only 
about  15  hp  will  be  developed.  Then  the  prime  mover  size  could  be  reduced 
resulting  In  a  saving  of  about  $700  on  the  purchase  price.  However,  a  commercial 
exhaust  heat  exchanger  for  this  system  would  cost  about  $1200;  and  It  is  likely 
that  supplying  the  steam  engine  (or  turbine),  condenser,  and  other  necessary 
components  for  tht>  steam-power  system  would  easily  double  that  cost.  A  total 
investment  of  over  $2500  would  thus  be  required  to  save  $700  on  the  cost  of  the 
prime  mover. 

In  addition  to  the  saving  of  $700,  a  saving  in  fuel  and  fuel  storage 
costs  and  savings  in  the  first  costs  of  auxiliary  systems  such  as  the  starting 
system  and  cooling  system  must  also  be  considered.  However,  these  savings  are 
not  likely  •’o  total  $1800. 
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TABLB  i.  COMPARISON  Of  ENERGY  CONVERSION  SYSSTEME  POR  UTILIZATION 
OF  PRIME- MOVER  WASTE  HEAT 


Syaten 

Bquipoient 

Available 

Probable 

Coat 

Complexity 

Remarka 

External  coad>u8tion 
enginea 

Brayton  cycle 

No 

High 

Medium 

Stirling  cycle 

No 

High 

High 

Not  aelf-atarting. 
Potentially  low 
per  cent  heat 
recovery. 

Rankine  cycle 

Yea 

Medium 

Medium- high 

Requires  aupply  of 
freah  water. 

Sol id- abate  devicea 

Thermoelectric 

Yea 

Very  high 

Low 

Avsilability  limited. 
EaCimated  coat 
$2500  per  kw. 

Thermionic 

No 

High 

Hediuat-low 

Requirea  high 
temperature  heat 
source. 

Direct  mechanical 

Blowdown  turbine 

No 

High 

Medium 

Requirea  extensive 
modifications 
to  engine. 

In  addition 

to  the  lack 

of  economic 

juatif ication 

for  a  waste- heat 

recovery  systea  of  this  type  there  «foald  be  a  nwaber  of  diaadvantagea .  a 
reductlcm  in  the  total  ayatce  reliability  becauae  of  the  addition  of  coaiplex 
equipawnt,  an  increaae  in  the  inatallation  and  aaintenance  coata  and  probleva, 
and  an  increaae  in  the  ahelter  heat- reject ion  load  becauae  of  the  inefficiency 
of  the  ateam  ayatea.  Therefore,  recovery  of  waate  heat  for  converaion  to  power 
la  not  feaaible. 

The  aecond  approach  to  vaate-heat  recovery  for  the  ahelter  syatem 
(water  or  apace  heating)  can  be  conaidcred  practical  and  Juatlfied  if  it  is 
aaaumed  that  there  will  be  a  denand  for  hot  water  and/or  for  heat  in  the  occupied 
apace  in  the  ahelter.  If  there  ia  auch  a  deaand  and  if  it  can  be  laet  with  low 
energy  hot  water  or  ateaa,  the  aiapleat  approach  would  probably  be  to  uae  a  heat 
exchanger  or  an  ebullient- type  cooling  ayatem  and  to  draw  off  the  required  anount 
of  hot  water  or  ateaa  aa  it  ia  needed.  The  cooling  ayatea  in  thia  caae  ahould  be 
large  enough  to  reject  the  entire  prime  mover  cooling  load  to  the  heat  aink  when 
neceaaary.  It  ia  quite  poaaiblc  that  vaate-heat  recovery  uaing  only  the  jacket 
water  would  be  adequate  to  aervice  the  apace  heating  and  hot  water  needa  of  moat 
aheltera;  innamuch  aa  the  heat  rejected  to  the  coolant  ia  not  leaa  than  30  per 
cent  and  in  one  caae  greater  than  100  per  cent  of  the  ahaft  power  output  (aee 
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Table  8).  This  means  that  for  a  100-hp  prime  mover  the  amount  of  cooling  system 
waste  heat  that  could  be  made  available  to  the  shelter  would  be  between  120,000 
and  290,000  Btu/hr  depending  on  the  type  of  prime  mover  used. 

There  is  an  exception,  of  course,  in  the  case  of  the  gas  turbine  where 
exhaust  waste-heat  recovery  is  the  only  possibility.  The  gas  turbine  appears  to 
be  competing  quite  favorably  in  the  present  market  for  very  large,  total-energy- 
package  systems,  and  it  is  not  inconceivable  that  in  the  near  future  gas-turbine 
total-energy*package  systems  may  be  approaching  a  competitive  status  in  the  size 
range  of  interest  in  the  community  shelter  program.  Because  of  the  present  lack 
of  commercial  equipment  and  reliable  data,  however,  it  is  not  possible  to  make 
even  an  approximate  economic  analysis  nor  to  predict  when  the  smaller  size  units 
will  become  commercially  available  and  truly  competitive. 


Waste-Heat  Recovery  Systems 


As  mentioned  previously,  waste  heat  is  available  in  both  the  jacket 
water  and  exhaust  gases  of  piston  engines  and  in  the  exhaust  gases  of  gas  turbines. 
Because  of  the  low  temperature  of  jacket  water  the  waste  heat  from  this  source  can 
be  used  only  for  heating  water  or  tempering  ventilating  air.  Exhaust  gases  betn>; 
at  a  much  higher  temperature  can  be  used  to  produce  either  steam  or  hot  water. 
Waste- heat- recovery  systems  can  take  many  forms  depending  on  the  type  and  quantity 
of  heat  energy  required.  Three  possible  heat- recovery  systems  are  discussed  in 
the  following  prargraphs  to  illustrate  equipment  requirements  and  system  capa¬ 
bilities  and  limitations.  The  three  are:  (1)  conventional  jacket  water  and 
exhaust-heat  recovery,  (2)  ebullient  cooling  and  exhaust-heat  recovery,  and  (3) 
gas-turbine  heat  recovery. 


Conventional  Jacket  Water  and  Exhaust  Heat  Recovery 


Figure  41  is  a  schematic  illustration  of  a  combined  jacket  water  and 
exhaust  heat- recovery  system.  The  basic  components  of  such  a  system  are:  jacket 
water  heat  exchanger,  exhaust  heat  exchanger,  circulating  pump  in  the  heat- 
recovery  system,  control  valves,  and  appropriate  heat  sinks.  The  system  as  shown 
is  capable  of  producing  hot  water  and  steam  in  varying  amounts  according  to  the 
demand.  The  steam  could  be  either  at  atmospheric  pressure  for  heating  or  at  an 
elevated  pressure  for  shaft  power  production.  A  flow  of  water  must  be  maintained 
through  the  system  at  all  times  to  ensure  that  the  engine  w^ll  be  adequately  cooled 
and  that  the  exhavist  heat  exchanger  will  not  overheat  and  burn  out.  If  the  supply 
r>f  hot  water  or  steam  exceeds  the  demand,  the  excess  is  diverted  to  the  heat  sink 
to  be  cooled  and  subsequently  returned  to  the  system  by  the  circulating  pump.  If 
the  steam  pressure  is  significantly  above  atmospheric  pressure,  an  expansion  valve 
can  be  used  to  p^otec^  heat  exchanger,  pump,  etc.,  from  overpressure. 

Tlie  waste  heat  recoverable  from  a  lOO-hp,  four-cycle,  turbocharged 
diesel  engine,  using  the  heat- recovery  system  Illustrated  in  Figure  41,  and  the 
heat' re jection  rate  data  in  Table  8,  would  be  approximately  305,000  Btu/hr. 

With  this  amount  of  heat,  approximately  365  gal  of  water  could  be  heated  through 
a  100  F  temperature  rise.  About  47  per  cent  of  this  heat  would  be  recovered 
flora  the  exhaust  system  using  an  exhaust  gas  lower  temperature  limit  of  300  F. 

It  a  smaller  quantity  of  hot  water  were  required,  the  heat- recovery  system  could 
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PIOURE  41,  JACKET  WATER  AND  EXHAUST  WASTE- 
HEAT  RECOVERY  SYSTEM 


b«  cltaplifled  by  Installing  only  one  of  the  two  heal  exchangers  realizing  that  if 
•teas  vert  required  the  exhaust-gas  heat  exchanger  would  have  to  be  used.  As  with 
the  coobined  systesi,  provision  would  have  to  be  made  to  Insure  that  with  a  Jacket 
water  system  the  engine  would  be  adequately  cooled  at  all  times.  Also,  with  an 
exhaust  system  excess  system  pressure  and  heat-exchanger  temperature  would  have 
to  be  avoided. 


Ebullient  Cooling  and  Exhaust  Heat  Recovery 


Figure  42  is  a  schematic  illustration  of  an  ebullient  cooling  and  exhaust 
heat-recovery  system.  The  ebullient  cooling  system  is,  in  Itself,  a  producer  of 
low-pressure  steam.  In  the  system  aho%m  in  Figure  42  the  steam  output  is  increased 
by  circulating  the  cooling  water  from  the  steam  separator  tank  through  an  exhaust 
heat  exchanger.  Hot  water  can  be  taken  for  use  directly  from  the  ate.”  d- separator 
tank.  As  in  the  system  illustrated  in  Figure  41,  a  heat  exchanger  and  heat  sink 
must  be  provided  for  disposal  of  excess  recovered  heat. 

The  orientation  of  the  steam  separator  and  the  exhaust  heat  exchanger 
as  shown  in  Figure  42,  will  assure  a  continuous  flow  of  water  through  the  exhaust 
heat  exchanger  by  convection.  If  a  sufficient  supply  of  make-vip  water  Is  avail¬ 
able,  the  waste-heat  recovery  systems  shown  In  Figures  41  and  42  could  both  be 
operated  without  heat  sinks.  In  this  case  the  steam  and  hot  water  in  excess  of 
shelter  demand  would  be  rejected  outside  of  the  shelter. 

The  waste  heet  recoverable  with  the  heat- recovery  system  illustrated 
in  Figure  42  would  be  exactly  the  same  as  that  for  the  system  illustrated  in 
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FIGURE  42.  EBULLIEKT  COOLING  AND  EXHAUST 
WASTE- HEAT  RECOVERY  SYSTEM 


Figure  41.  For  the  lOO-hp,  four-cycle,  turbocherged  diesel  engine  example, 
the  total  heat  recovered  would  be  305,000  Btu/hr. 


Gaa- Turbine  Exhaust- Heat  Rccovc 


Figure  43  la  a  acheakatlc  liluatratlon  of  a  gas-turblnc  heat-recovery 
■ystew.  The  gaa  turbine  la  unique  aanng  the  conventional  prime  movers  included 
In  this  st\>dy  In  that  It  has  no  cooling  system,  all  of  Its  waste  heat  being 
rejected  in  the  exhaust  gases.  Consequently,  the  only  means  of  recovering  waste 
heat  from  a  gas-turbine  prime  mover  Is  with  an  exhaust  heat  exchanger.  The 
recovered  heat,  as  shown  In  Figure  43,  could  be  used  to  power  en  ebsorptlon- 
refrlgerstloo  sir- conditioning  system,  snd/or  to  provide  hot  water  for  heating, 
etc . 

The  energy  evelleble  In  the  exhauat  of  a  gas  turbine  can  be  Increased 
over  e  useful  range  cf  value*  Independently  of  the  aheft  power  output  of  the 
turbine  by  by>-paeslng  the  combustion  products  ammd  the  power  turbine  and  by 
use  of  an  auxiliary  coarixiator.  The  energy  available  for  recovery  la  the  cooling 
and  exhauat  systems  of  diesel,  gasoline,  and  LPG  engines  vsrlsa  aliasat  directly 
with  the  sheft  load.  Thus,  the  gas  turbine  has  s  significant  advantage  lo 
adaptability  to  a  waate-heat  recovery  system  where  mechanical  and  heat  loads 
atsy  vary  proportionately  to  each  other. 
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FIGURE  43.  GAS-TURBINE  WASTE- HEAT  RECOVERY  SYSTEM 


The  w&ste  heat  recoverable  frov  a  100- hp  regenerative  gaa  turbine, 
using  the  heat- recovery  aytten  illuatrated  in  Figure  43  and  the  data  of 
Table  8,  would  be  approxUutely  315,000  Btu/hr  which  would  produce  380  gal  of 
water  through  a  100  F  teaq>crature  rise.  As  for  the  piston  engines,  the  exhaust 
gas  lower  teaperature  Halt  was  assuaad  to  be  300  F. 

Using  the  sasM  aaauaptions  as  above,  a  nonregenerative  gas  turbine  of 
100-hp  capacity  would  have  830,000  Btu/hr  of  recoverable  waste  heat  in  the 
exhaust  gases.  With  this  sawnint  of  heat,  approximately  1,000  gal  of  water  could 
be  heated  through  a  100  F  temperature  rise. 


Waste-Heat  Recovery  Tests 


Jacket  water  waste-heat  recovery  systems  would  utilize  water- to-water 
heat  exchangers  which  are  readily  available  In  a  large  variety  of  types  and  sizes 
at  a  reasonable  cost.  However,  commercial  exhsuat-heaf  recovery  equipment  Is  not 
‘sadlly  available  particularly  for  small  enplnes  because  of  a  lack  of  demand,  and 
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is  very  expensive  because  of  the  long  design  life.  For  these  reasons,  laboratory 
tests  were  conducted  to  determine  the  performance  of  simple  and  Inexpensive  exhaust 
waste- heat  recovery  equipment. 

The  20- kw  diesel  engine-generator  set  used  as  a  demonstration  unit  was 
used  for  the  exhaust  waste-heat  recovery  tests.  Four  simple  heat- exchanger  designs 
were  evaluated.  These  were:  (1)  straight  tube,  (2)  colled  tube,  (3)  baffled  tube, 
and  (4)  straight-fin  tube.  The  heat  recovered  with  the  straight  tube  was  about 
half  of  that  recovered  with  the  other  three  configurations. 

Figure  44  shows  the  laboratory  setup  used  to  evaluate  the  various  heat- 
exchanger  designs. 


FIGURE  44.  LABORATORY  EXHAUST  HEAT- RECOVERY  TEST  SETUP 


Figure  45  shows  three  of  the  four  exhaust  heat- recovery  heat  exchangers 
tested.  The  coiied-tube  heat  exchanger  was  an  18-ft  length  of  3/8-in.  copper 
tubing  wound  into  a  continuous  coil  having  an  inside  diameter  of  1-1/2  in.  and  a 
length  of  3  ft  which  was  constructed  at  an  estimated  cost  of  $10.  The  baffled 
straight-tube  heat  exchanger  was  fabricated  by  soldering  3-in.  radius,  semi¬ 
circular  brass  baffles  to  a  3/4- in.  Admiralty  brass  tube  at  intervals  of  2  In. 
over  a  3- ft  length.  This  configuration  cost  an  estimated  $40  to  construct. 

The  straight- fin  tube  heat  exchanger  was  purchased  already  fabricated  for  $50. 
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FIGURE  45.  HEAT  EXCHANGERS  FOR  EXHAUST  HEAT- RECOVERY  TESTS 


It  contained  20  radial  fins,  each  3- ft  long^  1/2- In.  high,  and  0.025- in,  thick, 
soldered  to  a  3/4- in.  Admiralty  brass  tube.  A  fourth  heat  exchanger,  not  illus¬ 
trated  in  Figure  45,  was  a  straight  3- ft  length  of  3/4- in.  Admiralty  braes  tube 
without  fins  or  baffles  which  was  purchased  for  $6.  Adniraicy  brass  was  selected 
for  the  straight-tube  heat  exchangers  because  of  its  resistance  to  corrosion  by 
exhaust  gases.  Copper  tubing  was  used  for  the  coil  heat  exchanger  because  of  its 
easy  workability  and  availability. 

For  the  tests,  each  heat  exchanger  was  installed,  in  turn,  In  a  3- ft 
section  of  insulated  3- in.  pipe  through  which  the  exhaust  gases  passed.  This 
exhaust  system  test  section  was  identified  in  Figure  44.  Both  exhaust  gas  and 
cooling  water  temperature  measurements  were  made  at  each  end  of  the  test  section. 
Exhaust  back  pressure  was  also  measured. 

The  colled-tube  heat  exchanger  was  tested  with  supply  water  circulated 
directly  through  it  and  discharged  to  a  drain.  The  three  straight- tube  heat 
exchangers  were  tested  in  a  free- convection  system  which  included  a  20-gal  hot 
water  reservoir  open  to  the  atmosphere.  Supply  water  was  introduced  into  the 
system  about  midway  in  the  reservoir  and  hot  water  was  allowed  to  overflow  at 
the  top  to  maintain  a  desired  maximum  water  temperature. 

Figure  46  shows  the  heat  recovered  from  the  exhaust  gases  by  the 
different  heat  exchangers  as  a  function  of  generator  load.  A  sketch  of  the  test 
section  with  the  coiled  tube  in  place  shows  the  direction  of  exhaust  gas  ^nd 
water  flow  for  all  the  tests.  The  water  and  gas  flows  are  parallel;  howi  er, 
calculations  indicated  that  counter- flow  operation  would  increase  the  heat 
transfer  by  only  about  I  per  cent. 

Table  10  lists  additional  performance  results  from  these  tests.  These 
data  are  all  representative  of  full-load  operation.  The  temperature  of  the 
exhaust  gases  in  the  exhaust  manifold  varied  from  973  to  1075  F  during  the  tests, 
and  the  back  pressure  in  the  exhaust  system  before  the  test  section  was  installed 
was  about  11  in.  H2O.  The  computer  water- flow- rate  data  are  based  on  a  water- 
supply  temperature  of  60  F  and  an  80  F  rise.  The  per  cent  heat  recovery  is  based 
on  an  ambient  temperature  of  100  F. 

A  length  of  3  ft  was  arbitrarily  selected  for  all  of  the  test  heat 
exchangers  for  convenience  and  for  direct  comparison  purposes.  Longer  lengths 
would  naturally  promote  higher  heat  recovery  up  to  the  limiting  minimum  exhaust- 
gas  temperature  of  300  F  at  which  condensation  of  exhaust  gases  occurs.  Fcr  the 
short  use  period  of  2  weeks  it  would  probably  be  acceptable  to  design  for  even 
lower  final  exhaust-gas  temperatures. 
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FIGURE  46.  EXHAUST  WASTE- HEAT  EXCHAHGER  PERFORMANCE 
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TABLE  10.  EXHAUST  GAS  HEAT- EXCHANGER  PERFORMANCE 
AT  FULI^LOAD  ENGINE  OPERATION 


Heat  Exchanger 

Exhaust  Gas 
Temperaturej  F 
Initial  Final 

Increase  in 
Exhaust 

Back  Pressure 
in  H2O 

Water  Flow 
Rate  at  80  F 
Temp  Rise, 
gal  per  hr 

Heat  Recovered 
Btu  Per 

per  hr  Cent 

Coiled  tube 

1075 

725 

6 

47 

30,600 

36 

Straight  tube 

1015 

860 

5 

24 

15,700 

17 

Baffled 

straight 

tube 

1075 

772 

59 

47 

30,600 

31 

Finned 

straight 

tube 

975 

665 

3 

45 

29,500 

35 
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FIGURE  47.  S PRIME -MOVER  MECHANICAL 
POWER -TRANSMISSION  SYSTEM 


Figure  48  «ho«M  the  OHilClpIe-prlBe-mover  approach  to  a  mechanical  ^over- 
transnlasioB  ayateai.  In  this  ayata*  separate  smaller  prime  movers  are  provided 
for  the  two  major  sMchanical  loads  and  a  tulrd  prime  mover  is  coupled  at  one  end  to 
a  small  load  and  at  the  other  end  to  an  electric  generator  which  supplies  power  for 
the  purely  electrical  ra<{ttlremaBta  and  for  the  other  smaller  mechaolcal  loads.  All 
of  the  prime  movers  are  preyided  with  dieengeging  clutches  when  connected  to  a 
mechanical  load. 

Many  factors  must  be  considered  when  e  nwchanical  pother-transmission 
system  ia  aelectad  for  a  specific  ahelter  application.  Among  these  are:  location 
of  mechanically  driven  oqulpaMnt  in  the  shelter,  relative  coat  of  several  small 
prlow  movera  cos^red  vtCM  CMC  of  a  aiogle  Urge  prlaMi  mover,  the  coat  and  complexlt) 
of  the  intersMsdiete  tranawtsion  eqaipsKnt  for  the  single  prime  mover,  the  potential 
reliability  of  multiple  prime  movers,  and  the  cost  and  complexity  of  installation  of 
multiple  prime  movers. 
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FIGURE  48.  MULTIPLE -PRIME -MOVER  MECHANICAL 
POWER -TRANSMISSION  SYSTEM 


Mechanical  systems  should  have  efficiencies  of  power  transmission  In 
excess  of  90  per  cent.  The  relatively  simple  direct-coupling  and  clutch  arrange¬ 
ment  should  have  an  efficiency  greater  than  95  per  cent.  If  gears,  belts,  or 
chains  and  Intermediate  line  shafts  are  used,  the  over-all  tendency  will  be 
closer  to  90  per  cent.  The  maintenance  requirements  for  mechanical  systems  are 
minimal.  The  primary  considerations  are  lubrication  of  bearings  and  gear  or  chain 
drives  if  used,  and  protection  of  critical  surfaces  and  equipment  with  preservative 
coatings.  The  reliability  of  inechanlcai  systems  in  general  is  hi{,h.  Even  greater 
reliability  can  be  achieved  with  multiple-prime-mover  systems  by  interconnecting 
the  starting  systems  so  that  each  prime  mover  could  provide  starting  power  for  any 
of  the  others  In  an  emergency.  If  any  one  prime  mover  of  a  multiple  system  should 
completely  fail  In  an  emergency,  partial  power  would  still  be  available  for  the 
shelter;  however,  the  equipment  it  was  driving  would  be  inoperative. 

The  components  tor  mechanical  power-transmission  systems  are  Inexpensive  and 
readily  available.  The  over-all  cost  of  a  single-prime-mover  power-transmission  system 
should  be  significantly  lower  than  the  cost  of  any  other  power-transmission  system. 
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The  multiple  mec^•»nlcal  system  would  also  be  extremely  low  in  cost,  but  it  would 
require  a  relatively  more  expensive  prime  mover  installation;  consequently,  the 
combined  cost  would  probably  be  more  comparable  to  that  of  an  electric  generator 
system. 


Mechanical  systems  can  be  made  acceptably  safe  if  all  moving  elements 
such  as  belts,  chains,  gears,  clutches,  and  couplings  ar^  suitably  enclostJ  or 
guarded.  Chain  and  gear  drives  are  somewhat  noisy.  A  belt  drive  would  be  signifi¬ 
cantly  quieter,  and  would  serve  as  a  shock  absorber  for  torque  pulses  between  the 
prime  mover  and  driven  equipment,  and  would  be  more  easily  replaced  in  case  of 
fal lure . 


Electric-Generator  Pot#er-Transmlssion  System 


Engine-generator  sets  have  long  been  the  standard  for  emergency  stand-by 
power  systems  and  they  are  presently  the  most  widely  used.  Electrical  energy  is 
easily  transported  from  generator  to  motor  with  low  transmission  loss  and  permits 
practically  noiseless  operation.  The  most  adaptable  electric  system  for  incorpora¬ 
ting  commercially  available  equipment  is  the  four-wire,  three-phase,  Y-connected 
120/208-volt,  60-cycle  system  with  the  generator  operating  at  a  speed  of  either 
1200  or  1800  rpm.  The  generator  and  prime  mover  should  utilize  a  coiranon  housing  or 
be  mounted  on  a  camuon  base  to  avoid  troublesome  misalignments. 

Figure  49  is  a  schematic  illustration  of  an  electric -generator  power- 
transmission  system.  The  electrical  power  from  the  generator  goes  into  a  control 
box  which  contains  voltage-control,  switch  gear,  and  circuit-breaker  components. 

From  the  control  box,  distribution  lines  provide  power  for  the  various  mechanical 
and  electrical  loads  throughout  the  shelter.  Commercial  electrical  power,  if  aval  la 
ble,  would  also  be  brought  into  the  control  box  and  could  be  used  for  exercising 
operation  of  the  shelter  equipment. 

Figures  50  and  51  show  the  full-load  efficiencies  of  electric  generators 
and  motors,  respectively.  The  generator  efficiency  curve  is  plotted  against  the 
electrical  kilowatt  output  of  the  generator,  and  ‘^he  motor  efficiency  curve  is 
plotted  against  the  shaft  horsepower  output  of  the  motor.  These  data  indicate  that 
single  large  units  are  more  desirable  than  several  snaller  units  from  the  stand¬ 
point  of  efficiency.  Some  small  electric  motors  w>.ll  be  needed  throughout  the 
shelter  and  their  low  efficiencies  cannot  be  avoided.  However,  because  small 
power  ccmsumptions  are  actually  involved,  their  effect  on  the  over-all  efficiency 
of  the  electric -generator  power-transmission  system  will  not  be  great. 

The  efficiency  of  a  generator  or  motor  varies  only  slightly  with  a  load 
change  between  75  and  125  per  cent  of  rated  load.  Below  75  per  cent  of  rated  load 
the  efficiency  begins  to  fall  off  and  may  be  about  10  per  cent  lower  at  25  per  cent 
rated  load  than  at  full  rated  load.  Assuming  an  efficiency  of  91  per  cent  for  the 
generator,  which  would  be  approximetely  correct  for  a  70-kw  unit  (about  lOO-hp 
input),  and  85  per  cent  for  an  electric  motor,  %dilch  would  be  about  right  for  a  10- 
hp  unit  (an  aaausMd  average  else),  the  over-all  efficiency  would  be  77  per  cent. 

Line  loaaea  would  be  on  the  order  of  1  per  cent  for  a  tranamiaalon  length  of  25  or 
30  feet.  Thua,  a  reasonable  over-all  efficiency  for  an  electric  generator  power- 
tranamiaslon  ayatem  would  be  about  76  per  cent. 
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FIGURE  49.  ELECTRIC -GENERATOR  POWER-TRANSMISSION  SYSTEM 


The  major  problem  which  will  be  encountered  in  the  maintenance  of 
electric-generator  power -transmission  systems  is  the  effect  of  moisture.  The 
amount  of  moisture  present  in  the  shelter  air  will  determine  the  frequency  of 
maintenance  and  testing.  It  will  also  determine  the  type  of  insulating  materials 
to  be  used  in  both  the  generator  and  the  motors.  Condensation  of  moisture  in  the 
generator  or  motor  could  cause  rusting  of  bare  iron  surfaces  and  the  formation  of 
mold,  and  eventually  could  lead  to  either  mechanical  or  electrical  failure  of  the 
equipment.  Methods  for  reducing  moisture  absorption  in  generators  and  motors  or 
providing  resistance  to  moisture  include:  heating  to  maintain  equipment  above  the 
dew  point,  dehumidif ying  the  entire  shelter,  fully  enclosing  the  generator  and  motors, 
encapsulating  the  stators,  and  specifying  materials  impervious  to  moisture. 


Motor  Efficiency,  percent  Ful!”Load  Efficiency^  percent 
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Tab'e  11  listp  the  insulating  materials  found  to  be  most  satisfactory  in 
’’eslstlng  damage  or  deterioration  from  moisture ,  ^  These  materials  also  would  be 
useful  in  other  components  of  the  auxiliary  power  system  for  moisture  resistance. 


TABLE  11.  ELECTRICAL  INSOLATIONS  FOR  HUMID  CONDITIONS 


Material 

Application 

Alumina 

Ceramics 

Asphalt 

Varnish 

Dacron-glass 

Textiles  (with  silicone) 

Epoxy 

Enamel,  Iqiuld  resin,  varnish 

Forravar 

Enamel 

Glass 

Textiles  (with  silicone) 

Irrathene 

Plastic  tape 

Mica  block 

Ceramics 

Mica  paper 

Papers 

Paint 

Filled  resins  and  varnishes 

Phenolic  (modified) 

Varnish 

Polyester 

Liquid  resin 

Polyethylene 

Films,  plastic  tape 

Polyurethane 

Enamel 

Porcelain 

Ceramics 

Silicone 

Varnish,  resin 

Silicone  rubber 

Plastic  tape 

Steatite 

Ceramics 

Tef Ion 

F  i  1ms 

Thermoplastic 

Molded  plastics 

Urethane 

Liquid  resin 

Note:  These  materials  are  also  capah’'*  of  w<thstanding 
short-time  immersion  in  water. 


Maintenance  requirements  of  the  generators  can  be  reduced  further  by 
using  brushless,  rotating,  rectifier-type  equipment.  Such  equipment  is  used 
exclusively  on  railroad  refrigeration  plants  and  for  similar  applications  where 
minimum  maintenance  and  highest  reliability  are  essential. (1^)  However,  the  high 
temoerature  limit  for  the  semiconductor  components  used  in  this  type  of  equipment 
is  150  F.(17) 


If  some  moisture  is  absorbed  between  exercise  periods,  but  not  a 
sufficient  amount  to  produce  failure  at  rated  voltage,  the  equipment  can  be 
operated  for  a  period  of  time  sufficient  to  ensure  that  all  the  absorbed  moisture 
has  been  driven  out.  According  to  one  manufacturer,  it  may  take  as  long  as  4 
hours  at  full  load  to  thoroughly  eliminate  absorbed  moisture.  If  the  other  shelter 
equipment,  including  the  prime  mover,  could  be  properly  exercised  in  much  less  than 
4  hours,  the  4-hour  drying  period  for  the  generator  or  motors  would  be  a  disadvantage. 
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There  are  several  teats  which  will  give  Indications  of  the  relative 
condition  of  the  electrical  insulation  In  generators  and  motors  and  which  will 
also  suggest  when  equipment  should  be  rewound^  replaced,  or  simply  dried  out. (IS) 
These  tests  are  briefly  described  in  References  (18)  through  (23).  Preliminary 
tests  for  moisture  content  of  the  Insulation  are  important  to  prevent  breakdown 
upon  rapid  application  of  full  voltage.  There  Is  a  basic  weakness  in  all  electri¬ 
cal  tests  because  the  usual  causes  of  low-voltage  equipment  Insulation  failure  are 
mechanical  stresses  and  physical  deterioration  rather  than  electrical  breakdown  and 
all  electrical  tests  are  conducted  on  static  equipment.  However,  in  shelter  a 
applications,  physical  deterioration  and  mechanical  stresses  should  not  be  serious 
problems;  however,  moisture  may  be  a  serious  problem. 

Study  of  the  various  electrical  tests  reveals  that  the  a.c.  high-voltage 
test  gives  the  best  indication  of  the  condition  of  the  equipment.  It  is  usually 
recommended  that  this  test  be  preceded  by  low-volte^c  tests  to  reveal  the  extent  of 
absorbed  moisture  that  may  have  to  be  dried  out  before  high  potentials  can  be 
safely  applied.  However,  a  recently  introduced  voltage-breakdown  te8ter(24)  senses 
component  breakdown,  removes  cne  voltage,  and  shorts  the  leads  microseconds  before 
damage  can  occur.  This  test-'-’'  may,  therefore,  be  used  directly  on  the  electrical 
equipment  without  preliminary  Icw-voltage  testing. 

The  reliability  of  electric -generator  po\;er-transmi88lon  8y8tem8  can  be 
expected  to  be  high  if  proper  inspection  and  operating  procedures  are  observed. 

Most  air-cooled  generators,  designed  to  National  Electric  Manufacturers  Association 
(NEMA)  specifications,  will  operate  continuously  at  rated  load  with  an  ambient  air 
temperature  between  40  and  30  C  (104  to  122  F) .  The  temperature  rise  in  the 
generator  windings  above  ambient  temperature  Is  limited  by  the  class  of  the  Insula¬ 
tion  used  in  manufacture.  If  ambient  temperature  in  excess  of  these  limits  must  be 
tolerated,  the  generator  can  be  either  derated,  operated  with  reduced  life,  or 
supplied  with  a  higher-temperature  insulation.  In  some  cases  a  combination  of 
these  would  be  the  best  solution. 

Following  are  values  for  the  normal  rated  allowable  temperature  rise  for 
various  electrical  insulation  types.  These  data  are  based  on  40  C  urubicUt  tempera¬ 
ture  and  include  a  10  C  allowance  for  hot  spots. 


Class  of  Insulation  Rated  lemperature  Rise,  C 

A  50 
B  80 
F  105 
H  125 


For  every  10-C  Increase  in  ambient-air  teiuperatures,  the  allowable 
generator -winding  temperature  rise  should  be  reduced  approximately  10  C  to  maintain 
the  same  maximum  insulation  temperature.  Since  the  maximum  temperature  rise  for 
Class  A  Insulation  la  50  C,  a  10-C  reduction  would  be  equivalent  to  about  a  20  per 
cent  reduction  In  the  kilowatt  output  of  the  generator.  Deratlnt,  Is  obviously  nut 
practical  for  a  very  significant  Increase  In  ambient  air  temperature. 

Generator-winding  life  Is  approximately  35,000  hours  at  rated  load  and 
40  C  ambient  temperature  conditions.  Substantial  increases  In  ambient  air  tempera¬ 
tures  can  be  withstood  If  a  much  shorter  life  expectancy  is  permitted  such  as  a 
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2-week  operating  period  in  a  community  shelter.  As  a  rule  of  thumb,  the  Insulation 
life  is  approximately  halved  for  each  10-C  increase  in  winding  temperature.  For 
instance,  Class  A  insulation  would  have  an  5vcrc*gc  life  of  about  15,000  hours  at 
65  C  (150  F),  or  an  average  iite  of  about  1,500  hours  at  100  C  (212  F) .  It  is 
suspected  that  shuiteuiug  the  upetating  life  of  the  generator  in  this  manner  would 
have  some  effect  on  the  reliability,  but  no  specific  information  along  this  line  is 
available  in  the  literature  or  from  manufacturers. 

Figure  52  shows  the  effect  of  temperature  on  average  life  of  generator 
and  motor  windings  for  three  commonly  used  classes  of  insulation. (25)  These  data 
show  that  a  higher  temperature  insulation  would  allow  a  substantial  increase  in 
amblent>air  temperature  and  still  possess  long  life.  For  example.  Class  F  insula¬ 
tion  has  an  average  life  of  35,000  hours  at  100  C  ambient  temperature  or  1,500 
hours  at  140  C  (284  F)  ambient  temperature.  The  100  and  140  C  ambient -temperature 
limits  should  be  modified  in  practice  by  a  10-C  allowance  for  hot  spots  and  a  5-C 
allowance  for  reduced  heat-transfer  rates  at  the  elevated  air  temperatures.  Thus, 
the  ambient -air  temperatures  could  be  allowed  to  reach  approximately  85  C  (185  F) 
for  a  35,000-hour  life  and  approximately  125  C  (.257  F)  for  a  1,500-hour  life  with 
the  generator  oper  t ing  at  full  rated  load.  Although  generators  could  be  operated 
at  temperatures  up  to  125  C  with  reduced  life,  the  maximum  temperatures  at  which 
prime  movers  can  operate  satisfactorily  is  much  lower  than  125  C. 

Electric  generators  are  available  for  power  outputs  from  a  fraction  of  a 
kilowatt  up  to  about  1,000  kilowatts  in  semiportable  form.  The  size  range  availa¬ 
bility  "aries  from  1/2  to  1  kilowatt  in  under  10  kilov"tt  sizes  to  5  to  50  kilowatts 
in  the  larger  sizes.  There  is  relatively  little  haza..d  in  using  electric-generator 
power -transmission  systems  as  long  as  reasonable  and  proper  precautions  are  taken 
during  the  installation.  The  noise  level  of  such  a  system  is  very  low. 

Figures  53  and  54  show  approximate  purchase  prices  for  electric  generators 
and  motors,  respectively.  As  in  the  case  of  the  efficiency  curves  of  Figures  50 
and  51,  the  generator  cost  curve  is  plotted  against  the  electrical  kilowatt  output 
of  the  generator,  and  the  motor  cost  curve  is  plotted  against  the  shaft  horsepower 
output  of  the  motor.  It  is  not  possible  to  determine  with  any  reasonable  degree 
of  accuracy  the  total  cost  of  an  electric -generator  power-transmission  system,  or, 
for  that  matter,  any  power-transmission  system,  without  knowing  the  specific  details 
of  the  application. 


Hydraulic  Power-Transmission  System 


Figure  55  is  a  schematic  illustration  of  a  hydraulic  poi^er-transmission 
system.  The  basic  system  consists  of  a  fluid  pump  driven  by  the  prime  mover, 
hydraulic  lines  to  deliver  the  high-pressure  fluid  throughout  the  shelter,  and 
fluid  motors  to  convert  the  energy  in  the  fluid  to  power  for  driving  the  mechanical 
equipment  of  the  shelter.  The  pump  speed  is  matched  to  that  of  the  prime  mover, 
usually  between  1200  and  1800  rpm,  for  the  convenience  of  direct  connection.  A 
clutch  is  necessary  between  the  prime  mover  and  the  pump  to  allow  starting  under 
nu  load.  A  pump  delivery  pressure  of  around  1,000  psig  would  best  match  available 
industrial  equipment.  The  basic  types  of  available  fluid  pumps  and  motors  are: 
gear,  vane,  and  piston. 


0 


FIGURE  52.  AVERAGE  WINDING  LIFE  AS  A  FUNCTION 
OF  INSULATION  TEHPERATURE 


Prices,  dollars  per  hp  Purchase  Prices,  dollars  per  Kw 
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FIGURE  53.  APPROXIMATE  PURCHASE  PRICES 
OF  ELECTRIC  GENERATORS 


FIGURE  54.  APPROXIMATE  PURCHASE  PRICES 
OF  ELECTRIC  MOTORS 
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FIGURE  55.  HYDRAULIC  POWER- TRANSMISSION  SYSTEM 
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The  efficiency  of  hydraulic  systems  varies  only  slightly  according  to  the 
8lj;e  and  somewhat  more  according  to  the  type  of  components  used.  The  efficiency- 
range  of  gear  pumps  and  motors  is  60  to  90  per  cent,  of  vane  pumps  and  motors  75  to 
90  per  cent,  and  of  piston  pumps  and  motors  8C  to  95  per  cent. *2^)  Considering  the 
pumps  and  motors  by  themse Ive-:/ ^  the  over-all  efficiency  of  a  hydraulic  power- 
transmission  system  would  be  fairly  close  to  that  of  an  electric-generator  power- 
transmission  system.  However,  losses  in  the  transmission  lines  of  a  hydraulic 
system  are  significant.  For  example,  if  a  5-hp  vane-type  hydraulic  motor  is 
assumed  to  be  located  about  25  or  30  feet  from  the  hydraulic  pump  and  connected 
with  1/2-inch  tubing,  the  total  line  pressure  drop  would  be  about  89  psi.  The 
efficiency  of  power  transmission  through  the  lines  would  be  92  oer  cent.  Using 
larger  sized  tubing  would  reduce  the  losses.  A  compromise  would  have  to  be  reached 
between  line  efficiency,  total  tiuid  in  the  system,  and  total  cost  of  the  system. 

Assuming  a  pump  efficiency  of  88  per  cent,  average  motor  efficiencies  of 
82  per  cent,  and  line  losses  averaging  6  per  cent,  the  over-all  hydraulic  power- 
transmission  system  efficiency  would  be  approximately  66  per  cent. 

The  primary  maintenance  requirement  for  a  hydraulic  power-transmission 
system  is  to  monitor  the  condition  of  the  filters  and  the  contamination  and  oxida¬ 
tion  levels  of  the  hydraulic  fluid.  The  filters  should  be  changed  or  cleaned 
before  the  pressure  drop  across  the  elements  becomes  si.fflcient  to  open  thi  by-pass 
valves.  A  common  design  pressure  differential  is  15  psi.  Metal  filter  elemitv  . 
will  remove  particles  down  to  about  10  microns  in  size,  and  active-earth  flUets 
will  remove  particles  down  to  3  to  5  microns.  The  active-earth  filters  also  remove 
moisture  and  tend  to  neutralize  acidity,  but  they  cannot  be  used  with  some  typ'S  ot 
fluids  because  they  also  remove  valuable  additives.  A  sample  of  fluid  should  be 
taken  periodically  for  examination  to  determine  its  condition.  More  frequent 
analysis  would  be  required  with  petroleum-based  or  emu  Is  I  .)n -type  hydraulic  fluids, 
because  their  storage  life  is  shorter  than  that  of  the  synthetics  or  water  glycols. 

Industrial  hydraulic  equipment  is  designed  for  full-load  life  expectancies 
of  2,000  to  5,000  hours  for  gear  pumps  and  motors;  3,000  to  6,000  hours  for  piston 
pumps  and  motors, These  life  expectancies  are  determined  primarily  by  bearitig 
life.  Excessive  bearing  wear  results  in  a  reduction  in  pump  output  pressure.  Wlion 
cavitation  is  permitted,  such  as  when  there  are  excessive  fluid  velocities  in  the 
lines  or  high  viscosities,  the  life  of  the  equlpnx>nt  will  be  much  shortened. 

The  operating  temperature  of  the  fluid  at  the  pump  inlet  should  be  kepi 
below  a  temperature  at  which  the  fluid  viccoslty  becomes  less  than  70  SSU  so  a.  to 
maintain  proper  lubricating  qualities.  At  startup,  the  fluid  viscosity  should  not 
be  greater  than  4000  SSU  tu  avoid  cavitation.  Therefore,  the  temperature  limits  oi 
a  hydraulic  system  will  depend  on  the  fluid  chosen.  Industrial  equipment  and  fluids 
are  normally  designed  to  operate  in  ambient -air  temperatures  of  40  to  90  F.(27) 

The  reliability  of  a  hydraulic  power-transmission  system  could  be  expected 
to  be  very  good  If  good  quallt;  components  are  used,  it  the  system  is  well  constructed, 
and  if  the  proper  hydraulic  fluid  Is  selected.  In  blast  shelters,  hvdraulic  piping 
must  be  flexibly  mounted  so  that  it  ./ill  not  be  damaged  by  ground  shock.  Numerous 
additives  are  available  to  improve  the  hydraulic  fluid,  particularly  in  reference  l.) 
reliability  of  the  system.  Among  these  additives  are  rust  inhibitors,  antioxidants, 
antlcorroslves,  foam  Inhibitors,  and  detergents.  There  are  four  basic  types  of 
hydraulic  fluids  which  could  be  used  In  a  hydraulic  power-transmission  .svstem; 

I  water-glycol,  synthetic,  cmulslon-type,  and  petroleum-based  hydraulic  fluids. 

I 
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The  water-gl.ycol  hydraulic  fluids  contain  about  40  per  cent  water,  the 
remainder  being  glycol  synthetic  thickener  and  additives  for  corrosion  resistance 
and  increased  lubricity.  No  oxidation  will  occur  if  the  pH  factor  remains  about 
7.3.  The  alkalinity  factor  indicates  v^en  the  additives  need  replenishing  to 
prevent  oxidation.  The  viscosity  of  this  type  of  fluid  is  between  150  and  300  SSU 
at  100  F,  with  a  maximum  temperature  limit  being  150  F  and  the  recomended  operating 
temperature  b^lng  120  F.  The  viscosity  can  be  estimated  by  measuring  the  wster 
content.  Absorptive-type  filters  cannot  be  used  because  they  absorb  the  additives. 
Because  of  the  nature  of  the  fluid,  special  paints,  seals,  and  metals  must  be  used 
throughout  the  system.  Epoxy  paints  are  best  and  seals  made  of  rubber,  buna  N,  butyl, 
neoprene,  or  leather  can  be  used.  Zinc  and  cadmium  cannot  be  used  and  aluminum 
should  be  anodized.  To  compensate  for  the  reduced  lubricating  qualities  of  water- 
glycol  fluids,  bearings  must  be  oversized.  For  this  reason,  pumps  of  the  balanced- 
vane  or  axlal-platon  types,  which  reduce  bearing  loads,  are  the  most  satisfactory. 

Synthetic  hydraulic  fluids  include  phosphate  esters  and  chlorinated 
hydrocarbons.  These  fluids  do  not  oxidize  or  form  sludge  upon  long  contact  with 
air,  and  they  never  break  down  during  operation;  thus,  they  do  not  require  changing. 
The  viscosity  range  available  Is  50  to  1,000  SSU  at  100  F,  with  the  most  widely 
used  being  '.bout  230  SSU.  The  normal  maximum  temperature  limit  is  around  180  F 
and  the  recommended  operating  temperature  is  130  F.  These  fluids  are  heavier  than 
water  and  the  line  water  traps  must  be  inverted  from  the  normal  position  for 
petroleum-based  fluids.  Water  is  quite  easily  separated  as  it  does  not  mix  with 
the  synthetics.  The  lubricating  quality  of  the  phosphate  esters  compares  very 
favorably  with  that  of.  the  mineral  oils  and,  therefore,  they  are  more  commonly  used 
than  the  water-glycol  types.  Special  paints,  pipe  sealants,  and  seals  will  be 
essential  with  synthetic  fluids.  Paints  which  can  be  used  Include  the  epoxys,  hard- 
cured  phenollcs,  and  nylons.  Seals  should  be  made  of  butyl,  Viton  A,  or  silicon. 
Aluminum  should  be  anodized.  Screened,  expanded -metal,  or  active-earth  types  of 
filters  can  be  used.  Synthetics  are  designed  for  closed  systems  in  particular  and 
are  compatible  tdth  all  types  of  pumps  idien  proper  seal  materials  and  paints  are 
used. 


Emulsion-type  hydraulic  fluids  are  water-in-oil  emulsions  and  they  con¬ 
tain  about  40  per  cent  water.  Lubricating  qualities  are  fairly  good  because  of  the 
oil  content,  but  not  as  good  as  those  of  the  phosphate  esters  or  mineral  oils. 

The  ma.<.inium  temperature  limit  is  130  F  if  excessive  water  losses  due  to  evaporation 
are  to  be  avoided,  and  the  recoimended  operating  temperature  is  120  F.  The  life 
of  equipment  in  which  emulsion-type  fluids  are  used  will  be  less  than  that  of 
equipment  in  which  regular  oil  is  used  because  of  the  decreased  lubricating  quali¬ 
ties  of  the  emulsion-type  fluids.  Particles  smaller  than  150  microns  will  remain 
In  suspension  in  emulsion  f.'ulds.  Because  these  fluids  are  oil -based,  they  will 
deteriorate  with  age.  Most  seal  materials  are  compatible  with  emulsions,  but 
special  paints  are  required. 

Petroleum-based  hydraulic  fluids  are  the  least  expensive  of  the  four 
types  discussed  and  are,  therefore,  the  most  coninonly  used  when  fire  resistance 
and  long-term  storage  with  minimum  maintenance  are  not  important  factors.  These 
fluids  break  dotm  and  become  less  viscous  with  use.  Oxidation,  corrosion,  foam, 
and  rust  inhibitors  should  be  added.  The  maximum  operating  temperature  is  limited 
by  the  viscosity  changes  of  the  fluid  and  is  related  to  the  pump  design,  but  may 
be  around  200  F  for  some  types.  Viscosity-index  improvers  thicken  the  oil,  and 
these  types  are  more  subject  to  breakdown  of  the  polymer  chains.  The  presence  of 
viscosity -index  Improvers  such  as  methylacrylate,  which  cause  adhesion  between 
particles,  actually  increase  contamination-particle  growth  by  their  very  nature  of 
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agglomeratlng  sawll  part  idea.  (28)  Thesfe  contaminants  might  clog  system  filters. 
Growth  of  particles  can  be  minimized  by  initial  filtering  ot  particles  that  may 
later  combine,  by  using  polar  ruat  preventive  agenta,  and  by  not  using  methyl¬ 
acrylate  'tscosity-temperature  Improvers. 

Hydraulic  system  components  and  fluids  suitable  for  a  community  shelter 
power-transmission  system  are  readily  available.  The  primary  hazards  associated 
with  hydraulic  power-transmission  systems  are  fire  and  fumes.  The  water-glycol 
and  synthetic  hydraulic  fluids  have  the  greatest  fire  resistance  and  the  petroleum- 
based  hydraulic  fluids  have  the  least. (29)  Oil  fumes  might  become  objectionable  in 
the  shelter  if  an  oil  line  or  connection  failed  and  hot  oil  came  in  contact  with  any 
hot  surface. 

Hydraulic  machinery,  particularly  high-speed,  high-pressure  equipment,  is 
somewhat  noisy.  The  vane  or  gear  pumps  and  motors  are  particularly  noisy.  However, 
the  hydraulic  motors  driving  mechanical  equipment  in  the  shelter  would  not  be  very 
large  and,  consequently,  they  could  be  enclosed  in  sound-absorbing  housings.  It  is 
desirable,  however,  to  keep  the  fluid  velocities  in  the  suction  lines  below  3  feet 
per  second  and  below  15  feet  per  second  in  the  supply  lines. (26)  xhe  hydraulic 
motor  speeds  should  be  kept  below  about  2,000  rpm,  not  only  to  reduce  noise  but  also 
to  reduce  shock  forces,  flow  losses,  and  erosion  in  the  system. 

The  costs  of  hydraulic  pumps  and  motors  vary  appreciably  but  will  be 
approximately  as  follows:  (26)  gear  pumps  and  motors  $3  per  horsepo%#er;  vane  pumps 
and  motors  $3.50  per  horsepower;  and  piston  pumps  and  motors  $6  per  horsepower. 
Hydraulic  fluids  also  vary  in  cost  depending  on  the  type  and  on  the  additives.  In 
general,  the  cost  of  the  various  hydraulic  fluids  will  be  approximately  as  follows: (^0) 
synthetics,  $3.50  per  gallon;  water-glycols,  $2.25  per  gallon;  emulsions,  $1.25  per 
gallon;  and  petroleums,  $0.50  per  gallon.  The  total  cost  of  a  hydraulic  power- 
transmission  system  would  be  approximately  equivalent  to  the  total  cost  of  an 
electric -generator  power-transmission  system.  The  cost  of  the  basic  components 
for  the  hydraulic  system  is  considerably  lower  than  the  cost  of  the  basic  components 
for  the  electric -generator  power -transmission  system;  however,  the  cost  of  the 
auxiliary  equipment  Including  hydraulic  fluids,  accumulators,  reservoirs,  and  pipe¬ 
lines,  and  the  cost  of  installation  are  both  considerably  higher  for  the  hydraulic 
power- transmission  system. 

Some  electrical  power  will  be  required  i..  the  shelter  for  lighting  and 
communications;  consequently,  a  small  electric  generator  will  be  required.  This 
auxiliary  power  generator  could  be  driven  by  it;-  own  small  prime  mover,  by  the  main 
prime  mover  also  driving  the  hydraulic  pump,  or  by  a  separate  hydraulic  motor  as 
shown  in  Figure  55. 

Pneumatic  Power -Transmission  System 

Figure  56  is  a  schematic  Illustration  of  a  pneumatic  power-transmission 
system.  The  basic  system  consists  of  an  air  compressor  directly  driven  by  the 
power  source,  and  air  motors  located  throughout  the  shelter  as  needed  for  driving 
the  various  items  of  mechanical  equipment.  As  in  the  case  of  the  direct -drive  and 
hydraulic  power-transmission  systems,  an  auxiliary  electric  generator  will  be 
necessary  for  lighting  and  communications.  This  auxiliary  generator  could  be 
direct -driven  from  the  main  prime  mover,  be  driven  by  a  small  prime  mover  of  its 
own,  or  be  driven  by  an  air  motor. 
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FIGURE  56.  PNEUMATIC  POWER- TRANSMISSION  SYSTEM 
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The  speed  of  the  air  compressor  should  be  In  the  range  of  1200  to  1800  rpm 
to  match  the  operating  speeds  of  most  prime  movers.  A  system  pressure  of  90  to  100 
psig  would  best  match  commercially  available  air  compressors  and  motors.  A  receiver 
tank  should  be  used  and  the  compressor  should  be  designed  oversize  to  permit  a  30- 
to  80-per  cent  duty  cycle  to  avoid  overheating  and  to  allow  operation  at  high 
ambient  air  temperatures . (31)  The  time  required  to  achieve  maximum  receiver-tank 
pressure  for  an  air-cooled  compressor  should  range  between  10  and  30  minutes.  The 
rest  time,  or  unloaded  condition,  should  be  approximately  the  same.  These  times 
should  be  recorded  at  each  exercise  period  because  they  are  an  indication  of  the 
fitness  of  the  compressor  and  will  reveal  when  repairs  are  needed.  The  10-minute 
minimum  is  to  prevent  condensation  buildup  in  the  crankcase,  and  the  30-minute 
maximum  is  to  prevent  overheating  which  would  shorten  operating  life  and  create  an 
explosion  hazard. 

Since  a  great  deal  of  heat  is  generated  when  ai~  is  compressed  to  100 
psig,  a  cooling  means  must  be  provided.  Commercial  air  compressors  are  available, 
either  eir  or  water  cooled.  A  water-cooled  unit  would  be  practically  independent  of 
ambient -air  temperatures.  If  the  prime  mover  itself  is  water  cooled,  its  coolant 
could  also  be  circulated  through  the  air  compressor  and  only  one  cooling  system  would 
be  required.  A  water-cooled  compressor  would  also  be  more  efficient  than  an  air¬ 
cooled  unit  because  the  compression  process  more  nearly  approaches  isothermal  condi¬ 
tions  . 


The  efficiency  of  a  well-designed  air  compressor  is  approximately  83  per 
cent.  Commercially  available  air  motors,  on  the  other  hand,  are  relatively  ineffi¬ 
cient  mechanisms;  for  Instance,  a  5-hp  air  motor  is  only  about  17  per  cent  efficient. 
Consequently,  the  over-all  efficiency  of  a  pneumatic  power-transmission  system, 
neglecting  line  losses  ^ich  are  likely  to  be  small  in  a  well-designed  system,  would 
be  only  about  14  per  cent. 

Air  motor  and  compressor  efficiencies  increase  very  little  with  increasing 
equipment  size  and,  therefore,  no  substantial  improvements  in  efficiency  can  be 
realized  by  using  large-size  equipment,  if,  fot  other  reasons,  the  use  of  several 
small  units  would  be  advantageous.  The  conventionally  used  air  motor  expansion 
ratio  of  1.67  cannot  be  appreciably  increased  because  the  air  entering  such  a  motor 
at  90  psig  and  100  F  will  be  discharged  at  34  psig  and  only  37  F.  Further  expansion 
of  the  air  would  cause  ice  crystals  to  form  within  a  motor;  therefore,  the  effi¬ 
ciencies  of  presently  designed  air  motors  cannot  be  improved  upon  for  this  applica¬ 
tion  unless  nearly  all  of  the  water  vapor  Is  removed  from  the  compressed  air. 
Dessicants  such  as  silica  gel  can  lower  the  dew  point  temperatures  to  -30  F  or 
-100  F  if  necessary,  and  depending  upon  the  quantity  employed,  can  last  3  or  more 
hours.  Nevertheless,  the  standard  commercially  available  equipment  is  nearly  all 
limited  to  the  90-psig,  100  F  design  conditions  which  limit  pneumatic  system 
efficiencies  to  about  14  to  18  per  cent  over-ail. 

During  stand-by  the  following  items  of  pneumatic  ^  ower-transmission  systems 
should  be  checked  periodically;  oil  levels  in  the  compressor  and  air-line  lubrica¬ 
tors,  safety  valves,  minimum-maximum  pressure  controls,  Intake  air  filters,  and 
cleanliness  of  heat -exchanger  surfaces.  Idle  periods  of  up  to  1  year  can  be 
tolerated  if  preservative  oil  is  distributed  through  the  compressor  and  all  openings 
are  sealed. (31) 

If  exercising  is  planned,  the  recommended  frequency  is  every  two  or  three 
weeks.  During  exercising,  the  equipment  should  be  run  at  full  load  for  30  minutes 
and  then  run  unloaded  for  15  minutes.  Safety  valves  should  be  tested  during 


-109- 


exerclslng  to  ensure  reliable  operation.  Safety  valves  are  generally  set  at  10  per 
cent  above  the  tnaximuso  operating  pressure  of  the  system  and  should  be  so  located 
that  excessive  line  pressure  buildup  would  not  occur  should  any  downstream  valves 
be  closed.  A  safety  valve  is  frequently  installed  on  the  inter-cooler  between 
stages  of  a  multi-stage  compressor  to  prevent  damage  to  the  inter-cooler  due  to 
leakage  from  the  high-pressure  stage. 

Over -lubrication  of  the  compressor  cylinders  during  exercise  and  emergency 
running  should  be  avoided  because  of  the  increased  rate  of  deposit  buildup  on  the 
valves,  cylinder  walls,  and  piston  rings  which  increases  maintenance  time.  Also, 
the  higher  concentration  of  oil  vapor  and  the  incandescence  of  the  deposits  increases 
the  likelihood  of  explosions.  Under-lubrication  vd.ll  cause  rapid  ring  wear  and  over¬ 
heating  due  to  increased  friction. 

From  the  standpoint  of  reliability,  the  pneumatic  power-transmission 
system  is  satisfactory  for  community  ahelter  application.  Air  motors  should  have  a 
life  expectancy  of  approximately  2,500  to  3,000  houra  between  overhauls.  A  piston 
compressor  should  last  approximately  3,000  hours  without  maintenance. 

The  pneumatic  system  components  i^ich  would  be  required  for  a  community 
shelter  are  fairly  readily  available.  There  should  not  be  any  serious  safety 
hazards  associated  with  pneumatic  power-transmission  systems.  Fire-resistant  crank¬ 
case  oils  could  be  used  to  reduce  the  possibility  of  creating  an  explosion  or  fire 
hazard  in  case  of  an  oil  leak.  However,  these  fire-resistant  fluids  require  special 
seal  materials,  increased  lubrication  rates,  removal  of  paint  from  inside  surfaces, 
and  sometimes  Inversion  of  water  traps  because  of  a  specific  gravity  greater  than 
that  of  water.  Rust  and  oxidation  inhibitors  should  also  be  used  In  the  crankcase 
oil  because  some  moisture  is  bound  to  condense  in  the  crankcase,  especially  if  the 
equipment  operates  in  a  humid  environment . 

Air  systems  are  generally  quite  noisy,  especially  air  motors,  and  this 
would  be  particularly  undesirable  if  the  discharge  were  into  the  shelter  space.  Air 
will  be  exhausted  at  approximately  54  psig;  therefore,  there  will  be  sonic  velocity 
at  the  exhaust  port.  A  silencer  on  the  outlet  would  be  almost  essential.  The 
exhaust  air  will  contain  oil  which  may  become  objectionable  in  the  shelter  over  a 
two-week  period.  An  oil  trap  incorporated  in  the  silencer  may  control  the  concentra¬ 
tion  of  oil  adequately.  Otherwise,  the  exhaust  air  will  have  to  be  piped  outside 
the  shelter  or  back  to  the  engine  room. 

As  was  mentioned  previously,  the  air  entering  a  conventional  air  isotor  at 
a  temperature  of  100  F  and  a  pressure  of  90  psig  would  leave  at  a  temperature  of  37  F 
and  a  pressure  of  54  psig.  Allowing  this  air  to  expand  to  atmospheric  pressure  would 
further  reduce  the  temperature  to  about  33  F.  This  sir  could  then  be  used  for  shelter 
cooling.  Only  4  F  of  additional  cooling  is  obtained  in  the  free  expansion  because  no 
work  is  being  done  by  the  sir.  By  calculation  it  can  be  shown  that  ona  hundred  cfm 
jf  this  cool  air  (the  approximate  air  consumption  of  a  3-hp  motor)  entering  the 
ahelter  at  33  F  and  leaving  at  85  F  would  provide  about  3700  Btu/hr  of  cooling. 

This  cooling  is  obtained  only  if  the  air  leaving  the  compressor  la  cooled  prior  to 
distribution  to  individual  air  motors.  If  no  cooling  is  done  at  the  cam|>r«aaor  the 
net  effect  of  the  pneumatic  power -transmission  system  is  to  raiaa  the  ahelter 
temperature  as  occurs  with  the  electric  and  hydraulic  power-transmission  systeuKH. 
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Pneurnatlc  equipment  costs  about  the  same  as  electrical  equipment  on  a 
per “horsepower-output  basts.  However,  the  pneumatic  power-transmission  system 
over-all  efficiency  ts  only  about  1/5  that  of  an  electric -generator  power- 
transmission  system.  Consequently,  the  size  of  the  prime  mover,  the  quantity  of 
fuel  to  be  stored,  av'.ri  the  capacity  of  the  heat  sink  would  have  to  be  Increased 
by  a  factor  of  five. 
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SYSTEM  MOUNTINGS  AND  DRIVES 


The  selection  of  the  system  mountings  and  drives  will  have  a  significant 
influence  on  the  performance  and  reliability  of  the  total  power  system  installation. 
Differences  in  e.igine  weights,  vibration  characteristics,  component  alignment 
requirements,  and  driven  loads  greatly  change  the  mounting  and  drive  requirements. 
There  are  various  techniques  available,  each  having  advantages  and  disadvantages  in 
specific  applications.  Practically  all  of  the  techniques  would  be  applicable  in 
some  degree  to  community  shelter  auxiliary  power  systems,  but  a  few  would  be  more 
appropriate  than  the  others;  hence,  a  review  of  the  basic  considerations  and  perti¬ 
nent  equipment  is  presented  in  this  section. 


General  Considerations 


There  are  four  main  items  to  be  considered  in  designing  or  selecting 
mounting  and  drive  methods  for  an  auxiliary  power  system:  (1)  alignment,  (2)  vibra¬ 
tion,  (3)  service  connections,  and  (4)  load  type. 

For  direct  coupling,  the  alignment  between  the  driving  and  the  driven 
components  (prime-mover  and  power-transmission  system)  must  be  maintained  within 
reasonably  close  tolerances.  Misalignment  can  cause  bearing  or  structural  failure 
in  either  component,  and  excessive  vibration.  Out -of -balance  vibration  would  be 
undesirable  when  transmitted  to  engine  room  floor  and  walls,  especially  so  when  it 
is  passed  on  at  an  annoying  1  to  the  shelter  occupied  space.  Too  much  vibration 
of  the  prime-mover  and  power -transmission  system  components  may  cause  component  or 
instrument  failures.  Torsional  vibration,  caused  by  the  torque  pulses  of  a  piston 
engine,  the  inertia  of  the  driven  load,  and  the  elasticity  of  the  shafts  and  con¬ 
necting  member,  could  also  be  destructive  to  the  components  of  the  system. 

Service  connections  such  as  fuel  lines,  water  lines,  and  exhaust  and 
Intake  ducting  should  be  sufficiently  flexible  iu  the  vicinity  of  the  prime  mover 
that  relative  movement  between  prime  mover  and  floor  or  wall  will  not  cause  fatigue 
failure  in  these  parts.  The  type  of  load  will  have  some  bearing  on  whether  tor¬ 
sional  vibration  will  be  a  problem,  and  it  will  also  indicate  whether  a  clutch  will 
be  needed. 


Mount ing 


The  means  of  mounting  prime  movers  and  driven  components  fall  into  two 
general  categories;  foundation  mounting  and  skid  mounting.  A  foundation  mounting 
is  generally  a  large  mass  of  concrete  or  other  heavy  material  upon  v^lch  the  prime 
mover  and  driven  component  are  independently  mounted.  With  skid  mounting,  on  the 
other  hand,  both  components  are  mounted  and  aligned  on  a  common  steel-rail  framework. 

A  mounting  is  considered  flexible  if  the  prime  mover  or  the  prime-mover 
and  driven  component  combination  is  free  to  move.  Movement,  or  vibration,  must 
generally  be  allowed  in  both  horizontal  and  vertical  planes.  A  prime-mover  founda¬ 
tion  can  be  flexibly  mounted  by  isolating  the  concrete  mass  from  the  floor  and 
ground  with  resilient  material  such  as  cork  or  sand  and  gravel.  Alternatively, 
spring  or  rubber  elements  can  be  Interposed  between  the  prime  mover  and  the 
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foundation  to  provide  freedom  of  movement  for  the  prime  mover  alone.  This  latter 
type  of  mounting  arrangement  imposes  a  severe  duty  on  the  coupling  between  the 
prime  mover  and  the  driven  component  whether  the  driven  component  is  flexibly 
mounted  itself  or  not. 

Skid  mounting  is  preferred  from  the  standpoint  of  the  coupling  require¬ 
ments  as  the  alignment  between  the  prime  mover  and  driven  component  Is  not  affected 
fdiether  the  entire  unit  is  rigidly  or  flexibly  mounted. 

A  mounting  is  considered  rigid  if  no  measurable  freedom  of  movement  for 
the  prime  mover  is  allowed  for.  This  type  of  mounting  Is  satisfactory  for  small 
piston  engines  and  generally  for  all  sizes  of  gas  turbines.  Most  driven  components, 
such  as  generators  and  rotary  pumps  or  compressors,  may  also  be  rigidly  mounted. 
Reciprocating  pumps  and  compressors  and  larger  piston  engines  should  not  be  rigidly 
mounted  because  of  the  undesirability  of  the  transmitted  vibrations  and  because  of 
the  shock  forces  within  the  equipment  itself. 

In  general,  skid  mounting  would  be  preferable  tor  all  communlty-shelLer 
auxiliary-power  systems,  with  the  skid  flexibly  mounted  on  the  floor  of  the  engine 
room.  A  built-up  foundation  or  strengthening  of  the  floor  section  upon  which  the 
unit  is  mounted  would  not  be  necessary  for  any  but  the  very  largest  of  piston-engine 
installations  the.,  might  be  considered  for  community  shelters. 


Drive  Methods 


Drive  methods  partin'' it  to  community  shelters  are:  direct  coupling, 
indirect  coupling,  and  clutch.  A  clutch  may  be  used  with  either  direct  or  indirect 
coupling . 

Direct  coupling  may  be  a  solid  connection  between  the  two  shafts,  re¬ 
quiring  extreiusly  accurate  alignment  or  it  may  be  a  flexible  connection  which 
permits  a  small  amount  of  misalignment.  The  solid  connection  Is  not  recommended 
because  of  the  cost  involved  and  the  skill  required  for  Installation.  Flexible 
couplings  are  available  in  many  different  forms.  Among  the  design  points  to  be 
considered  when  a  flexible  coupling  is  selected  are:  shaft  end  play,  angular  and 
parallel  misalignment,  shaft  speed  and  torque  throughput,  and  orlme-mover  and 
driven-component  vibration  characteristics. 

Indirect  coupling  means  include  belts,  chains,  and  gears.  These  devices 
require  less  critical  alignment  of  the  shafts  and  generally  provide  adequate 
flexibility  to  accommodate  out -of -balance  and  torsio'  al  vibration.  Gears  and  chains 
My  be  noisy  unless  fully  enclosed.  The  use  of  belts,  chains,  or  gears  imposes 
side  loads  on  the  shafts  and  bearings  of  the  prime  mover  and  driven  component.  The 
equipment  must  be  designed  for  the  extra  loads  or  else  outboard  bearings  must  be 
provided  to  share  the  load  and  stiffen  the:  shaft  assemblies. 

A  belt,  chain,  or  gear  drive  is  frequently  selected  because  the  shaft 
speeds  of  the  prime  mover  and  driven  component  do  not  match.  Indirect  coupling, 
particularly  a  belt  or  chain  drive,  frequently  makes  integral  skid  mounting  of  the 
prime  mover  and  driven  component  difficult. 
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For  t?!08t  community-shelter  auxiliary-power-system  applications,  the 
direct-coupling  method  will  be  the  most  satisfactory.  In  many  instances,  the 
driven  component,  particularly  it  is  a  generator,  can  be  designed  to  share  a 
common  housing  bolted  directly  to  the  prime  mover  so  that  shaft  alignment  and 
rigidity  are  not  problems. 

A  clutch  will  be  necessary  between  the  prime  mover  and  driven  component 
if  the  load  requires  high  torque  upon  startup  or  at  low  speeds,  because  the 
starting  ability  of  prime  movers  is  limited  either  to  no  load  or  to  a  load  which 
builds  up  slowly  as  speed  increases.  In  addition,  a  clutch  is  desirable  if  it  is 
necessary  to  rotate  the  prime  mover  shaft  or  driven  component  shaft  independently 
for  servicing  or  for  warm-up.  Centrifugal  pumps  and  compressors  and  electric 
generators  can  be  coupled  directly  to  the  prime  mover  for  starting.  Piston  and 
rotary-vane  pumps  and  compressors  have  high  starting  torques  and,  hence,  require 
clutches  so  that  they  can  be  disconnected  from  the  prime  mover  for  starting. 
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NOISE  AND  VIBRATION 


Noise  for  the  purposes  of  this  study  Is  considered  to  be  any  undesirable 
sound.  Noise  generated  by  shelter  auxiliary  power  equipment,  If  uncontrolled, 
would  be  undesirable  mainly  because  of  psychological  effects  on  the  shelter  occu¬ 
pants.  The  noise,  even  though  It  might  be  quite  loud,  would  not  damage  hearing; 
however,  because  It  would  be  continuous  and  would  have  an  unchanging  frequency 
spectrum,  It  would  be  extremely  annoying  to  most  Individuals  and  probably  unbear- 
)ble  to  some. 

Vibration  of  the  shelter  structure,  on  the  other  hand,  will  not  be  a 
major  problem.  Vibrating  equipment  can  easily  be  Isolated  from  the  structure  and, 
In  addition,  the  rigidity  of  the  structure  would  tend  to  damp  out  vibrations. 

The  prime  mover  in  any  auxiliary  power  system  will  be  a  major  source  of 
nol 3e.  Piston  engines  produce  "broad-band"  noise.  Gas  turbines  tend  to  produce 
more  nearly  pure  tones  at  high  frequencies,  l.e.,  they  "whine".  Depending  on  the 
type  used,  the  power  transmission  system  nay  also  be  a  major  source  of  noise.  A 
piston  air  compressor  used  in  a  pneumatic  system  would  be  about  as  noisy  as  a 

piston  engine  prime  mover.  A  hydraulic  syr;cem  pump  would  be  relatively  quiet  as 

would  an  electric  generator.  Fortunately,  the  use  of  more  than  one  noisy  component 
does  not  greatly  Increase  the  noise  level  above  that  associated  with  the  operation 
of  the  nolsest  component.  For  example,  If  two  components  having  noise  levels  of 

65  and  68  dB  were  used  together,  the  resulting  noise  level  would  be  69.8  dB. 

Noise  control  can  best  be  achieved  In  the  initial  design  of  the  system 
by  placing  the  nolse-generatlng  equipment  In  a  separate,  tightly  sealed  enclosure 
located  as  remotely  from  the  occupied  space  as  possible.  With  the  proper  selection 
of  mounting  methods,  equipment  vibrations  will  not  be  transmitted  through  the 
shelter. 


Sound  levels  are  measured  with  respect  to  the  source  and  also  with 
respect  to  the  receiver.  The  source  Is  usually  a  vibrating  object,  but  It  may 
also  be  an  ai  rodynamlc  pulsation.  At  any  given  Instant,  the  source  will  be 
radiating  a  certain  amount  of  sound  power.  This  sound  power  lecel  (IVL)  Is  a 
function  of  the  source  and  Is  not  changed  significantly  by  the  environment  of 
the  source.  Sounds  measured  with  respect  to  the  receiver  are  expressed  as  sound 
pressvire  levels  (SPL),  usually  In  units  of  dynes  per  sq  cm.  The  sound  pressure 
level  Is  greatly  Influenced  by  the  size  and  absorptivity  of  the  environment  of 
the  source  and  also  by  the  distance  of  the  receiver  from  the  source. 

The  human  ear  Is  not  equally  sensitive  to  sound  pressure  at  all  fre¬ 
quencies  and  for  this  reason  a  useful  description  of  a  source  must  specify 
frequency  as  well  as  sound  pressure  level.  For  Instance,  to  the  average  listener 
a  70  dB  tone  at  4,000  cps  so\)nd8  as  loud  as  an  85  dB  tone  at  100  cps. 

Although  it  will  be  nece.ssary  to  reduce  the  noise  level  associated  with 
the  operation  ('f  auxiliary  power  system'i,  it  Is  desirable  to  have  a  moderate  noise 
level  In  the  occupied  space  In  the  shelter  fo^  masking  purposes. 

The  study  of  shelter  noise  and  vibration  problems  was  divided  Into 
three  parts;  (1)  dete^ralnat Ion  of  noise  criteria,  (2)  evaluation  of  methods  of 
noise  control,  and  (3)  experimental  Invest leatlon  of  vibration  and  noise  reduction. 
The  experimental  work  was  carried  out  In  the  Battclle  underground  test  facility 


with  the  20-kv,'  demonstration  unit.  The  tests  and  results  are  described  In  the 
Deiiionstratlor  Unit  section  of  this  report. 


Noise  Criteria 


Because  judgments  concerning  the  undesirability  of  any  sound  are  almost 
completely  subjective,  the  process  of  determining  noise  criteria  necessarily 
Involves  averaging  the  responses  of  a  large  number  of  persons.  The  statistical 
nature  of  noise  criteria  precludes  prediction  of  whether  or  not  one  Individual 
will  be  annoyed  by  a  certain  noise,  but  allows  prediction  of  the  percentage  of 
people  that  will  be  annoyed.  The  relative  objectlonablllty  and  speech  Inter¬ 
ference  produced  by  noise  Is  expresseJ  In  the  form  of  noise  criteria  curves. 

These  curves  approximately  express  the  response  of  the  human  ear  to  pure  tones 
of  various  frequencies. 

(32) 

Figure  57  shows  noise  criteria  (NCA)  curves  for  applications  where 
costs  are  of  primary  Importance  or  when  the  people  present  have  some  important 
reason  to  be  tolerant  of  the  noise  ^roducjd  (as  is  the  case  with  an  auxiliary 
power  system  providing  lighting  and  ventilation).  These  curves  represent  a 
compromise  between  loudness  and  the  coat  of  control  measures  for  noise  which  is 
steady  and  free  of  beats  between  low-frequency  pure- tone  components.  From 
these  curves  and  from  published  noise  criteria  data  for  rooms^^^^,  it  would 
appear  reasonable  to  specify  an  upper  limit  of  NCA  55  as  a  noise  rating  for  a 
shelter. 


Methods  of  Noise  and  Vibration  Control 


A  noise  problem  can  be  divided  Into  three  aspects:  the  source,  the 
path,  and  the  receiver.  The  source,  for  the  purposes  of  this  discussion,  Is  an 
auxiliary  power  system  with  vibrating  surfaces.  The  path  by  which  the  noise 
travels  from  the  source  to  the  receiver  is  either  directly  through  the  air  or 
through  solid  obj<*ct8  to  sotoe  radiating  surface,  and  then  through  the  air  to  the 
receiver.  The  receiver  Is  the  shelter  occupant. 

A  noise  problem  can  sometimes  be  prevented  or  reduced  by  proper 
selection  of  equipment.  The  designer  should  consider  noise  output  as  one  of 
the  factors  In  evaluating  components  for  use  In  an  auxiliary  power  system, 
even  though  more  important  considerations  may  dictate  final  ‘'election  of  a  noisy 
unit.  Standard  procedures  for  measuring  sound  power  In  standard  frequency  bands 
have  been  established  but  little  or  no  information  is  presently  available  on  the 
sound  power  level  of  commercially  available  prime  movers.  It  is  possible,  how¬ 
ever,  that  if  the  sale  of  a  large  quantity  of  engines  were  at  stake,  the  roanu- 
factirers  would  obtain  and  release  noise  information. 

Treatment  of  the  noise  path  is  the  major  possibility  for  shelter 
designers  in  their  efforts  to  control  noise.  The  most  coramou  method  of  noise 
reduction  is  placing  a  barrier  or  wall  between  the  noise  source  and  the  receiver. 
Two  qualities  are  of  major  concern  in  a  wall  used  for  sound  reduction:  massive¬ 
ness  and  good  sealing  against  pressure  leaks.  A  wall  which  does  not  meet  the 
ceiling  ulll  do  nore  good  than  no  wall  at  all.  However,  sealing  up  the  last  small 
opening  can  Increase  effectiveness  to  a  far  greater  extend  than  the  percentage  of 


FIGURE  57.  ALTERKAIE  NOISE  CRITERIA  (NCA)  CURVES 


wall  Involved  might  seem  to  indicate.  It  is  not  possible  to  achieve  a  noise 
transmission  reduction  of  more  than  20  dB  from  one  room  to  the  next  if  the 
dividing  wall  has  leaks  amounting  to  1  per  ce«  t  of  its  area  contmon  to  both 
rooms.  To  reduce  sound  leaks  substantially,  it  is  necessary  to  caulk  around 
pipes  passing  through  walls  and  to  use  door  gaskets  that  seal  on  all  four  edges 


-117- 


of  doort.  Poor  design  practices^  such  as  installing  electrical  boxes  back  to 
back  in  two  adjacent  rooms,  should  be  avoided. 

In  general,  any  crack  that  will  leak  air  will  also  leak  sound.  An 
effective  sealing  does  not  have  to  withstand  high  pressures,  for  120  dB  SPL 
aiBOunts  to  only  about  0.003  psl.  Porosity  will  also  permit  leaking  of  sound, 
particularly  those  of  higher  frequency.  Cinder-block  walls  present  particular 
difficulties  In  this  respect.  However,  a  coat  of  plaster  or  heavy  paint  will 
eliminate  such  leaks. 

Mass  Is  the  one  characteristic  which  will  always  reduce  the  sound 
transmissivity  of  a  pressure- tight  wall.  Increasing  the  rigidity  may  also  reduce 
transmissivity  at  some  vibration  frequencies,  but  it  will  increase  it  at  others. 
Other  techniques,  such  as  applying  vibration- damping  material  to  the  wall,  or 
building  a  light-weight  wall  close  to  but  isolated  from  the  vibration  of  the 
original  wall,  can  sometimes  be  used  to  advantage.  Fortunately,  the  concrete 
or  isasonry  walls  one  would  expect  to  find  in  shelters  have  sufficiently  low 
transmissivity  for  good  noise  reduction. 

Noise  can  also  be  reduced  effectively  by  using  two  walls  separated  by 
an  air  space.  Such  an  arrangement  is  effective  because  each  transfer  of  acoustic 
energy  from  the  air  to  the  wall  and  then  from  the  wall  to  the  air  on  the  other 
side  is  inefficient  due  to  the  mismatching  of  acoustic  impedances  of  air  and  a 
solid  wall.  The  transmissivity  is  low,  but  transfer  occurs  only  twice  for  a 
single  wall  no  matter  how  massive  or  tightly  sealed  it  is.  With  two  walls, 
transmissivity  is  halved,  but  only  if  the  walls  are  sufficiently  far  apart.  If 
they  are  close  to  each  other,  the  acoustic  coupling  between  them  becomes  more 
effective.  A  nominal  separation  distance  is  2  feet.  This  naturally  suggests 
the  simple  expedient  of  planning  storage  areas  or  other  unoccupied  rooms  between 
shelter  engine  rooms  and  living  areas. 

If  it  is  necessary  to  have  an  opening  for  air  flow  between  the  engine 
room  and  the  living  area,  a  "sound  trap"  duct  should  be  utilized.  Sound  traps 
are  coanercially  available  and  are  essentially  long,  narrow  passages  lined  with 
acoustical  absorbing  materials  to  attenuate  the  sound  passing  through  them.  A 
typical  passage  might  be  7  feet  ong  with  an  open  area  4  by  30  inches.  Such  a 
sound  trap  has  an  average  attenuation  of  over  40  dB  in  all  frequency  bands. 

Simply  lining  a  metal  duct  with  glass  fiber  bats  will  provide  a  good  degree  of 
attenuation,  but  commercial  sound  traps  are  optimized  for  maximum  attenuation 
and  mlnisum  air-flow  losses  for  a  given  volume.  Performance  descriptions  are 
available  from  manufacturers. 

The  air  around  the  receiver  (listener)  is  the  final  portion  of  the 
noise  path.  Because  much  of  the  noise  reaching  the  listener  has  been  reflected 
from  walls  and  objects  in  the  room  with  the  listener,  these  surfaces  are  con¬ 
sidered  as  a  part  of  the  noise  path.  The  difference  in  sound  pressure  level 
which  can  be  obtained  by  changing  from  minimum  to  maximum  sound  absorption  of 
these  surfaces  is  only  6  dB.  Consequently,  the  noise  must  be  controlled  primarily 
elsewhere  in  the  path.  However,  most  common  acoustical  materials  such  as  ceiling 
tile,  upholstered  furniture,  and  various  cloth  objects  have  maximum  sound  absorption 
in  the  range  of  500  to  4,000  cps.  This  is  also  the  frequency  range  in  which  the 
human  ear  is  most  sensitive.  Hence  the  absorptive  materials  tend  to  reshape  the 
noise  spectrum  (loudness  level  versus  frequency)  to  one  less  objectionable. 
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Finally,  noise  may  also  be  reduced  through  vibration  isolation.  In 
shelters  of  concrete  or  masonry  the  direct  transmission  of  equipment  vibration 
through  the  structure  to  radiating  surfaces  in  the  living  area  should  not  be  a 
problem.  Simple  Isolation  procedures  (such  as  the  use  of  comnerc tally  available 
rubber  pads  under  vibrating  equipin^-nt)  will  reduce  vibration  transmission.  How¬ 
ever,  in  shelters  constructed  of  materials  other  than  concrete  or  masonry,  the 
vibration  isolation  problems  will  be  more  complex  and  require  more  sophisticated 
Isolation  procedures. 

The  possibility  of  vibration  transmission  through  pipes  or  other  paths 
which  connect  engine  room  and  living  areas  should  be  considered  by  the  designer 
and  avoided.  For  example,  if  engine  cooling  water  is  used  to  heat  water  in  the 
living  area,  it  is  likely  that  vibrations  would  travel  through  the  water  pipes. 

This  could  cause  noise  by  exciting  resonant  frequencies  of  the  heat  exchanger  or 
water  tank.  A  solution  would  be  to  install  flexible  vibration  isolators  in  the 
interconnecting  piping  close  to  the  engi.ie. 

Treatment  of  the  noise  receiver  is  not  so  straightforward.  About  the 
only  conanon  technique  in  this  instance  is  to  provide  acoustic  "masking”  in  the  form 
of  steady,  broad- band,  background  noise.  This  has  been  used  to  afford  speech 
privacy  and  to  cover  annoying  sound  from  typewriters  and  other  Intermittent  devices 
in  situations  where  noise  control  is  inadequate  because  of  light-weight  wall  parti¬ 
tions,  etc.  A  certain  amount  of  acoustic  "masking"  is  provided  in  most  buildings 
by  ventilating  and  air-conditioning  systems. 

In  a  shelter,  the  somewhat  muted  noise  from  the  engine  and/or  circulating 
fans  is  likely  to  be  the  main  source  of  acoustic  "masking"  to  keep  people  from 
being  annoyed  by  other  people's  conversation,  babies  crying,  etc.,  and  to  give 
them  some  degree  of  privacy  for  their  own  conversation.  For  this  reason,  some 
low  level  of  equipment  noise  (perhaps  NCA  30  -  35)  in  the  shelter  area  would  be 
desirable. 
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STAND-RY  MAINTENANCE 


The  auxiliary  power  system  of  a  community  shelter  would  be  much  like  any 
emergency  stand-by  power  system  in  that  it  probably  would  not  be  called  upon  to 
serve  its  function  for  'nany  years.  Yet,  it  must  be  ready  to  perform  reliably  at 
all  times.  Reliability  In  a  somewhat  unusual  sense  is  required.  Instead  of  having 
long  service  life,  the  equipment  must  be  able  to  tolerate  long  idle  life  without 
loss  of  ability  to  start  and  operate. 


Requirements  for  Stand-By  Maintenance 


Equipment  stored  for  long  periods  of  time  must  be  protected  against 
structure  deterioration  causing  structurkl  weakness  and  against  surface  fouling 
causing  inoperability.  Structure  deterioration  may  result  from  corrosion,  rust, 
rotting,  and  mold.  All  of  these  are  accelerated  to  a  considerable  degree  in  the 
presence  of  moisture  and  oxygen.  Surface  fouling  is  caused  by  gum  and  sludge 
formation,  sedimentation,  and  deposition  of  solids  where  fuels,  lubricants,  and 
other  liquids  are  stored  within  the  equipment  or  are  used  as  preservatives.  Air¬ 
borne  dirt  may  also  cause  surface  fouling.  In  general,  a  number  of  measures  are 
desirable  in  any  stand-by  maintenance  program:  control  of  the  storage  atmosphei:®. 
cleanliness  of  the  parts,  and  high  purity  and  deterioration  resistance  of  the 
liquids,  lubricants,  and  preservatives  used  in  the  system. 

In  addition,  it  is  necessary  to  guard  against  the  loss  of  stored  liquids 
and  gases  through  leakage  and  evaporation.  In  some  cases  sufficient  reserve 
liquids  or  gases  can  he  provided  to  make  up  normal  losses,  In  other  cases,  such 
as  in  hydraulic  or  pneumatic  starting  systems,  normal  leakage  over  a  long  period 
of  time  might  reduce  the  reliability  of  the  system  substantially. 

Additional  problems  which  may  arise  from  long-term  storage  include  loss 
of  storage-battery  charge  in  the  engine  starting  system  and  fretting  corrosion  in 
bearings  and  other  close-fitting  parts  which  remain  in  one  position  for  a  long 
time  and  which  are  subject  during  that  time  to  vibration. 


Maintenance  Techniques 


There  are  two  general  approaches  to  stand-by  maintenance:  dynamic 
maintenance  and  static  maintenance.  Conventional  emergency  stand-by  power  systems 
are  almost  universally  dynamically  maintained.  Dynamic  maintenance  Involves 
frequent  and  periodic  inspection  and  exercising.  Static  maintenance,  on  the  other 
hand.  Involves  preservation  of  the  equipment  during  long-term  storage  with, 
perhaps,  fairly  frequent  inspection  and  only  Infrequent  exercising. 

Most  conventional  emergency  stand-by  power  systems  are  expected  to  start 
liranediately  and  to  deliver  full  power  in  just  a  few  minutes  when  an  emergency 
occurs.  There  is  great  need,  consequently,  for  a  state  of  readiness.  Starting 
must  not  be  delayed  by  even  the  simplest  preparatory  steps  such  as  removing  the 
covers  and  seals  and  pumping  of  fuels,  lubricants,  and  coolants  into  their 
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respe' ^ive  systems.  Many  stand-by  systems  start  automatically  when  comnerclal 
power  falls  and  assume  the  full  load  within  a  matter  of  seconds.  The  criticality 
of  instant  starting  in  installations  of  this  type  no  doubt  has  exerted  a  strong 
Influence  on  the  established  pattern  of  stand-by  maintenance.  Another  important 
factor  in  most  conventional  installations  is  that  experienced  personnel  are  readily 
available  for  stand-by  maintenance.  Hospitals,  communications  facilities,  hotels, 
apartment  buildings,  and  many  other  similar  installations  have  building  superin¬ 
tendents  or  maintenance  men  who  are  capable  of  maintaining  and  operating  emergency 
stand-by  power  equipment.  Thus,  the  cort  of  a  dynamic  maintenance  program  is 
easily  absorbed  in  the  expense  of  general  maintenance. 

On  the  other  hand,  the  auxiliary  power  system  in  a  community  shelter 
probably  would  not  require  immediate  starting  in  an  emergency.  Moreover,  maintain¬ 
ing  a  staff  of  trained  personnel  may  be  economically  impractical.  A  delay  of  up 
to  3  or  4  hours  in  placing  the  auxiliary  power  system  into  operation  would  usually 
be  tolerable  if  long-shelf- life  batteries  or  a  small,  easily  started,  portable 
engine-generator  set  were  available  to  supply  the  basic  lighting  and  communications 
requirements  of  the  shelter.  Also,  a  community  shelter  system  might  comprise  many 
relatively  small  and  widely  dispersed  neighborhood  shelters.  This  could  present  a 
formidable  physical  and  economic  problem  in  a  dynamic  maintenance  program.  For 
these  reasons,  serious  consideration  was  given  during  this  investigation  to  the 
possibilities  of  long-term  preservation  of  the  equipment  and  Infrequent  exercising 
and  inspection — that  is,  to  a  static  maintenance  program. 

The  results  of  studies  on  static  maintenance  by  personnel  of  the 
U.S.  Navy  and  the  Canadian  Army  are  presented  in  this  section  of  the  report. 


Dynamic  Maintenance 


Dynamic  maintenance,  as  previously  stated,  is  employed  almost 
universally  for  conventional  emergency  stand-by  power  systems.  Tlie  chief  reasons 
for  frequent  exercising  and  inspection  are  to  evaporate  accumulated  moisture  from 
the  system,  to  distribute  lubricants  and  fuels  over  critical  surfaces,  and  to 
check  for  actual  or  potential  trouble  spots. 

Manufacturers  and  users  of  emergency  stand-by  power  systems  do  not  agree 
on  a  single  most  appropriate  frequency  of  exercising.  Frequencies  varying  between 
once  a  week  to  once  every  6  weeks  are  common.  The  most  desirable  frequency  for  a 
given  installation  would  naturally  depend  upon  the  specific  equipment  in  the 
system,  the  tesiperature  and  humidity  conditions  prevailing  in  the  system  enclosure, 
and  the  extent  of  any  precautions  taken  to  reduce  the  amount  of  moisture  and 
oxygen  coming  into  contact  with  the  equipment. 

The  components  and  subsystems  of  the  auxiliary  power  system  should  be 
inspected  at  least  as  frequently  as  the  system  is  exercised.  The  equipment  should 
be  inspected  for;  (1)  evidence  of  leaks  at  valves,  fittings,  gaskets,  etc,, 

(2)  unusual  noises  in  operating  mechanisms,  and  (3)  soundness  of  fastenings, 
couplings,  covers,  etc.  Samples  of  the  fuel,  lubricants,  coolants,  and  other 
liquids  in  the  system  should  be  inspected  fr>r  appearance  in  comparison  with  stand¬ 
ards  or  with  previous  saiiq>les.  Items  to  look  for  in  these  samples  include  color 
or  opaqueness  and  suspended  solids  or  sediment.  The  electric  generator  and 
electric  isotors  shmild  be  given  a  voltage  check  as  described  in  the  section  of 
this  report  dealing  with  power  transmission  systems. 
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A  significant  ingredient  of  a  successful  dynamic  maintenance  program  is 
the  recording  of  data  during  the  exercising  of  the  system.  The  engine  performance 
data  of  most  significant  value  are  speed,  load,  and  temperature  of  the  coolant, 
the  lubricant,  and  the  exhaust  gases. 

The  power  output  of  the  engine  during  exercising  must  be  inferred 
indirectly  from  the  performance  of  the  rest  of  the  power  system.  For  instance,  the 
power  output  of  an  electric  generator  could  quite  easily  be  measured  with 
inexpensive  instruments,  and  then  an  average  generator  efficiency  could  be  assumed 
to  determine  the  power  output  from  the  engine.  The  engine  power  output  with 
pneumatic  or  hydraulic  power  transmission  systems  would  not  be  so  easily  measured; 
however,  a  reasonably  useful  measure  of  Che  power  might  be  obtained  with  simple 
flow-  and  pressure-measuring  equipment. 

It  is  not  as  important  to  obtain  the  absolute  power  output  as  it  is  to 
obtain  a  record  of  any  changes  during  the  life  of  the  installation.  If  the  engine 
speed  and  fuel-rack  or  throttle  positions  do  not  change  from  one  exercise  period 
to  the  next  under  equivalent  load  conditions,  the  engine  power  capability  can  be 
assumed  to  be  adequate. 

Tests  that  should  be  made  regularly  but  at  less  frequent  intervals  than 
exercising  include:  (1)  testing  of  the  fuel  and  lubricants  for  sulfur  and  gum 
content,  corrosiveness,  and  residue  after  distillation,  and  (2)  testing  of  the 
coolant  for  corrosiveness. 


Static  Maintenance 


Static  maintenance  has  been  practiced  largely  in  situations  where  the 
time  and  effort  involved  in  preparation  for  storage  and  in  subsequent  reactivation 
were  not  restricted.  Warehouse  storage  of  goods  is  one  example;  packaging  of 
machinery  and  equipment  for  overseas  shipment  is  another.  Generally,  an  artificial 
atmosphere  conductive  to  low  rates  of  deterioration  is  maintained,  as  in  the  ware¬ 
house,  or  the  Individual  equipment  items  are  thoroughly  coated  with  a  preservative 
material,  as  for  overseas  shipping. 

The  end  of  World  War  II  triggered  a  very  rapid  and  thorough  demobiliza¬ 
tion  of  our  armed  forces.  To  guard  against  being  caught  unprepared  once  again, 
and  to  salvage  some  value  from  the  tremendou.s  expenditures  that  went  into  war 
material  which  never  saw  service,  considerable  work  was  done  to  devise  improved 
means  for  preserving  the  more  costly  items  of  military  equipment  for  possible 
future  use  with  minimum  reactivation  effort.  Out  of  this  work  came  the  term 
"mothballing",  which  means  long-term  preservation. 

In  19‘'«6,  the  U.S.  Navy  sponsored  a  laboratory  test  program^^^^  in  which 
samples  of  materials  and  equipment  norm,ally  found  on  board  ships  were  stored  under 
controlled  humidity  conditions  for  a  period  of  about  ^  vf’ars.  Duplicate  sample 
groups  were  stored  in  scaled  cabinets  with  13.  30,  <^5.  o3.  or  90  per  cent  humidity 
conditions  and  with  no  temperature  control.  Following  the  storage  period,  the 
items  were  inspected  and  in  many  cases  tested  for  strength  and  performance. 

Among  the  cone  lu.s  ions  drawn  from  this  test  are;  (1)  all  material  should 
he  clean  before  storage  to  minimize  corrosion  and  mildew.  (2)  a  30  to  33  per  cent 
humidity  level  is  the  best  compromise  for  most  materials,  (3)  critical  metal 
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surfaces  and  parts  should  be  coated  with  a  preservative  for  added  protection,  and 
(4)  linlted  corrosion  does  not  appear  to  reduce  the  strength  of  materials. 

In  mothballing  ships,  the  Navy  has  followed  two  approaches.  For  some 
ships  entire  decks  or  holds  are  sealed  off  from  the  atmosphere  and  a  dehumidifying 
system  is  Installed  to  maintain  a  predetermined  humidity  condition  throughout  the 
space.  For  other  ships,  the  mechanical  equipment  Is  individually  sealed  in 
cocoons  and  dry  circulating  air  Is  supplied  to  the  cocoons  from  a  central  dehumidi¬ 
fying  system.  All  equipment  and  surfaces  not  Included  in  the  sealed  cocoons  are 
coated  with  a  preservative  %ihlch  la  periodically  renewed. 

Reactivation  after  siothballing  Is  usually  an  Involved  process,  requiring 
30  days  or  more,  depending  on  the  else  of  the  ship  or  the  equipment.  During  the 
reactivation  process,  parts  or  components  may  be  replaced,  if  inspection  indicates 
the  need,  before  the  equipiaent  Is  put  into  operation.  Though  semiskilled  or 
unskilled  personnel  are  frequently  employed  in  the  reactivation  Job,  a  knowledge¬ 
able  person  Is  usually  la  charge. 

The  Navy  experience  discussed  above  is  not  directly  applicable  to  the 
coonunlty  shelter  program  because  of  the  Involved  procedures  and  extensive 
equipment.  However,  certain  mlnlnum  requirements  for  long-term  storage  were 
desionstrated  and  the  mothballing  techniques  which  are  developed,  though  they  do 
not  provide  for  rapid  enough  reactivation,  may  be  considered  »  reasonable  starting 
point  for  developing  comsuuity  shelter  preservation  techniques, 

A  recant  technical  paper  reported  on  soem  experience  in  Canada  involving 
outdoor  storage  and  reactivation  of  military  vehicles.  This  experience  apparently 
applies  a  little  more  directly  to  caaesunlty  shelter  problems  and  requirements 
The  authors  describe  an  experiment  conducted  with  a  fleet  of  Canadian  army  trucks 
which  had  been  stored  outdoors  for  6  to  8  years.  The  purpose  was  to  evaluate  the 
effectiveness  of  the  preservative  techniques  being  used  et  that  time  and  to 
ascertain  how  well  the  vehicles  would  perform  with  a  minimum  of  reactivation 
effort. 


The  trucks  were  stored  on  blocks,  the  tires  deflated  to  one-third  normal 
pressure,  end  the  cabs  scaled.  The  engines  were  run  briefly  before  storage,  the 
fuel  being  unleaded  gasoline.  Run-cut  was  on  preservative  engine  oil,  which  was 
also  subsequently  sprayed  through  the  spark  plug  holes  into  each  cylinder. 
Freservatlve  oil  was  used  in  the  crankcase;  operational  lubricants  were  used 
elaeuhere  (transmissions,  differentials,  etc.).  Xvery  3  years  the  engine  and 
gear  lubricants  were  changed,  end  once  each  year  during  the  last  2  years  of 
•torsce,  the  power  trains  were  exercised  by  suuiual  rotation.  Reactivation 
involved  prlmsrlly  Inspecting  and  checking  brakes,  lights,  windshield  wipers,  and 
other  accessories.  The  only  actual  work  done  on  the  vehicles  was  that  which  was 
considered  essential  for  safety. 

A  dosen  vehicles,  six  3/4-ton  trucks  and  six  2-1/2-toa  trucks,  were 
reactivated  In  the  eprlng  end  were  driven,  fully  loaded,  over  e  course  consisting 
mostly  of  pavement,  but  also  including  80  miles  of  graval  per  1000  milea,  for  a 
total  of  about  10,000  milea  during  the  entire  auamer.  Another  four  vehlclea,  two 
3/4-ton  trucka  and  two  2-1/2-ton  trucka,  ware  reactivated  in  the  winter  and  driven 
in  a  mennar  to  almulate  atop-and-go  operation  for  a  total  of  about  3,800  mlfsa. 
Kacb  of  the  lb  vahlclaa  waa  then  driven  at  approximately  13  adlae  per  hour  for 
200  mllee  over  croaa-councry  terrain. 
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All  of  the  vehicles  tested  were  adequately  serviceable  upon  reactivation. 
The  only  serious  deficiency  noted  during  the  tests  was  the  seizure  of  brakes  on 
two  of  the  vehicles.  The  cause  was  found  to  be  reduction  in  the  boiling  points  of 
the  brake  fluids  as  a  result  of  an  accumulation  of  moisture  in  the  brake  systems. 

The  main  conclusions  drawn  from  this  program  are:  the  preservation 
techniques  and  materials  used  were  effective  in  retarding  deterioration  in  storage 
and  the  reactivated  vehicles  were  adequately  serviceable. 

The  basic  requirements  for  a  community-shelter  static -maintenance  pro¬ 
gram,  based  on  the  Navy  and  Canadian  experience,  would  appear  to  be:  (1)  clean  all 
components  and  surfaces  before  preparation  for  storage,  (2)  coat  critical  surfaces 
with  preservative  fluid,  and  (3)  maintain  a  relative  humidity  of  30  to  35  per  cent 
during  storage. 

Some  types  of  auxiliary  power-system  components  may  integrate  better 
into  a  static-maintenance  system  than  others.  For  instance,  an  LPG-fueled  gas 
turbine,  utilizing  its  fuel  in  the  gaseous  state,  would  present  few  or  no  problems 
because  of  gum  and  varnish  deposits  from  fuel  left  in  the  fuel  system  during 
storage.  There  would  also  be  few  problems  because  of  bearing,  cylinder  wall,  and 
piston  failure  due  to  corrosion,  etc.,  from  the  atmosphere  or  from  lubricating  or 
preservative  oils  or  because  of  rust,  or  corrosion  in  the  cooling  system.  Since 
LPG  fuel  has  the  best  storabllity  characteristics  of  the  commercial  fuels,  it 
would  be  a  logical  choice  for  a  static-maintenance  program.  A  manual  energy- 
storage  starting  system  would  require  no  attention  or  special  maintenance  equip¬ 
ment  and,  therefore,  it  should  be  well  suited  to  a  static-maintenance  program. 

The  chief  value  of  a  static-maintenance  program  for  the  auxiliary  power 
system  of  a  community  shelter  would  be  a  cost  saving  during  the  potentially  long, 
idle  stand-by  period.  With  less  actual  handling  and  operation  of  the  equipment  the 
possibility  of  human  error  affecting  the  reliability  of  the  system  would  also  be 
reduced. 


Schedulini 


Maintenance 


During  his  program,  time  was  not  sufficient  for  a  thorough  investiga¬ 
tion  of  static  maintenance.  However,  to  establish  some  measure  of  the  cost, 
complexity,  and  effectiveness  of  a  static  maintenance  program  as  compared  with  a 
dynamic  maintenance  program,  the  available  information  on  long-term  preservation 
was  used  with  appropriate  qualifications  to  forrmilate  static  maintenance 
procedures  for  a  sample  coamunity-shelter  auxiliary  power  system.  The  suggested 
dynamic  maintenance  procedures  presented  in  this  report  were  formulated  for  the 
same  8aaq)le  coosnunity-shelter  auxiliai^  power  system. 

The  following  specifications  were  arbitrarily  chosen  for  the  sample 

shelter: 
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Occupancy 

Space 

Prime  mover 

Power  tranamisalon  aystem  - 
Fuel 

Cooling  system 
Starting  system 


750  persons 

15  sq  ft  per  person 

100-hp  turbocharged  diesel  engine 

Electric  generator  and  motors 

Keros Ine  in  sealed,  underground  tank 

Ebullient  with  steam  vented  to  atmosphere 

Hydraulic. 


Dynamic  Maintenance  Schedule 


The  basic  elements  ox  dynamic  maintenance  are  frequent  inspection  and 
frequent  exercising.  A  suggested  dynamic  maintenance  schedule  for  the  sample 
coosajnlty-shelter  auxiliary  power  system  is  as  follows; 

(1)  Exercise  entire  system  for  a  total  of  3  hours  once  every  month  (see 
typical  exercise  schedule  for  piston-type  Internal  combustion  engine 
belw) 

(2)  Test  generator  and  motors  every  3  months  with  static-voltage  test 

(3)  Sample  and  cest  fuel  after  4  years  and  then  at  1-year  intervals 

(4)  Replace  lubricants  every  year 

(5)  Replace  fuel  when  testa  indicate  deterioration. 

A  typical  exercise  schedule  for  a  plston-typt  Internal  combustion  engine 
might  be  as  follows: 

(1)  Start  the  engine  under  no  load  and  warm  It  up  with  the  load 
gradually  being  Increased  from  light  to  full  as  the  oil  temperature 
Increases  to  about  150  f 

(2)  Operate  the  engine  at  full  load  and  rated  speed  with  the  oil  temper¬ 
ature  In  excess  of  210  F  for  from  30  minutes  to  2  hours 

(3)  Rer'^ve  the  load  except  for  the  power  required  to  operate  the  engine 
auxiliary  systems  with  the  engine  still  running  at  full  speed 

(4)  Shut  the  engine  down  when  the  oil  temperature  drops  below  140  F. 

Allowing  the  engine  to  warm  up  under  light  and  increasing  load  promotes 
faster  warmup  and  thus  reduces  startup  wear.  Full-load  operation  of  the  entire 
auxiliary  power  system  should  be  for  a  long  enough  period  to  assure  that  all  of 
the  moisture  is  driven  out  of  generator  and  motor  windings  and  all  lubricating  and 
hydraulic  oil  suaq>s.  The  length  of  time  this  will  require  will  vary  with  tUe  size 
and  type  of  the  system.  Allowing  the  engine  to  cool  down  slowly  Is  desirable  to 
promote  temperature  equalisation  which  reduces  the  danger  of  failure  due  to  thermal 
distortion. 


-125- 


Exercising  the  auxiliary  power  system  at  full  load  may  require  auxiliary 
equipment  such  as  a  dummy  electrical  load  or  transfer  switches  to  connect  the 
generator  output  into  the  commercial  power  lines.  The  latter  scheme  would  have  to 
be  arranged  in  cooperation  with  the  local  power  company.  On  the  other  hand,  it  may 
be  desirable  to  exercise  all  of  the  shelter  mechanical  equipment  along  with  the 
auxiliary  power  system.  For  this  purpose  a  dummy  heat  source  would  be  required  to 
load  the  air  conditioning  system.  Steam  from  the  engine  ebullient  cooling  system 
piped  through  a  simple  heat  «v'*hanger  Inserted  in  the  shelter  ventilation  system 
would  probably  provide  sufficient  heat  for  about  3/4  of  the  cooling  load,  which 
would  be  acceptable. 

The  actual  cost  of  a  dynamic  malrrenance  schedule  as  outlined  above  cannot 
be  accurately  estimated  without  more  Intimate  knowledge  of  many  factors,  roost  of 
which  are  likely  to  vary  considerably  from  conmunity  to  coiminlty.  However,  for 
comparative  purposes  a  "rough"  estimate  for  the  first  5-year  period  Is  as  follows: 


Labor 

$1,500 

Fuel -exercising, 

testing,  and 
replacement 

630 

Lubricants  and 

other  fluids 

70 

$2,200 

Static  Maintenance  Schedule 


The  basic  element  of  static  maintenance  is  control  of  the  storage 
environment.  A  suggested  static  maintenance  schedule  for  the  sample  comnunlty 
shelter  auxiliary  power  system  Is  as  follows: 

(1)  Drain  and  flush  cooling  and  lubrication  system  with  light  preserva¬ 
tive  oil 

(2)  Coat  all  critical  surfaces  with  light  pres::rvatlve  oil 

(3)  Store  fresh  lubricating  oil  in  sealed  container 

(4)  Seal  engine  room  or  entire  shelter  and  maintain  relative  humidity  at 
30  to  35  per  cent 

(5)  Inspect  and  exercise  every  12  months 

(6)  Sample  and  test  fuel  after  4  years  and  then  at  1-year  Intervals 

(7)  Replace  fuel  when  tests  Indicate  deterioration. 

Preparation  of  the  equipment  and  components  of  the  auxiliary  power  system 
for  stand-by  storage  might  be  as  follows: 

(1)  Run  engine  for  5  to  10  minutes  with  preservative  oil  in  crankcase 
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(2)  Use  preservative  oil  to  purge  the  fuel  system  and  spray  some  directly 
into  the  cylinders  after  the  engine  Is  stopped 

(3)  Drain  the  cooling  system  and  flush  with  light  preservative  oil. 


between  30  -‘»<ntain  the  relative  humidity  in  the  shelter 

between  30  and  35  per  cent  would  be  to  utilize  a  mechanical  refrigerator-type 

D^rlnr  conjunction  with  the  air-circulation  system  in  the  Shelter 

During  stand-by  the  static  maintenance  system  should  be  capable  of  providing  the 

this  cKample  schedule,  a  maximum  outside  air  temperature  of  96  F  was  assumed 

«.°Z.d  t  *  ‘“"“l  “1'  ''■•‘>8-  oner,  dly”", 

assumed  to  be  adequate  to  maintain  the  proper  conditions.  ^ 


Calculations  Indicated  that  a  make-up-air  blower  of  70-cfm  capacity  would 
be  required  that  a  circulating  air  blower  o/about  140-cfm  capacity  wou^dL 
aftisf  ^  ®  dehumldlfier  of  about  10,  OOO-Btu-per-hour  capacity  would 

satisfactorily  reTOve  the  moisture  from  the  air  under  the  assumed  conditions.  The 
qu  pment  involved  in  the  stand-by  maintenance  system  would  be  small  compared  with 
the  equipment  required  for  an  emergency  period.  For  instance,  with  thrshelter 

blower  would  circulate  about  2250  cfm.  the  circulat¬ 
ing  air  b low. r  would  circulate  about  10,000  cfm,  and  the  air-conditioning  system 
would  remove  about  375,000  Btu  per  hour  of  heat.  ®  ^ 

quite  possible  that  the  make-up-air  and  circulating-air  blowers 
wlth'*t^  d^i  stand-by  and  emergency  periods  if  they  were  provided 

emergency  period.  The  dehumidifying  system  would  be 
separate  from  the  primary  air-conditioning  system  and  would  be  similar  to  an 
ordinary  home-type  1-ton  window  air  conditioner. 

«  ..  yearly  schedule  of  inspection  and  exercising  of  the  systems  under  the 

suggested  static  maintenance  schedule  would  be  similar  to  the  monthly  dynamic 
maintenance  schedule.  The  entire  system  would  be  exercised,  the  generator  and 

C^W^bnested.'®''''  static-voltage  test,  and  fuel  and  lubricant  samples 


from  stand-by  for  exercising  or  actual  emergency  service 
would  require  merely  that  the  cooling  water  be  let  into  the  cooling  system  the 

drained  out  of  the  engine  crankcase  and  the  regular  lubricant 

into  it,  the  engine  fuel  syatem  be  primed  with  a  hand  pump,  and  the  auxiliary 
power  system  be  started.  ^  auxLiiary 

be"  ■“lnt«n-nce  for  the  first  5-ye.r  period  1,  roughly 


Electric  power 

$400 

Labor 

200 

Puel-exercislng, 

testing,  and 

replacement 

450 

Lubricants  and 

other  fluids 

50 

$1,100 
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In  addition  to  the  above  recurring  costs  there  would  be  an  initial  cost 
for  air  circulating  and  dehutnidi tying  equipment.  For  the  sample  shelter  this  cost 
is  estimated  to  be  $300. 

A  comparison  of  the  estimated  costs  for  static  and  dynamic  maintenance 
shows  that  static  maintenance  is  potentially  a  much  less  costly  method  for  main¬ 
taining  auxiliary  power  systems  in  a  state  of  readiness.  Because  of  the  many 
variables  involved,  the  estimsted  costs  shown  for  each  maintenance  method  may  not 
be  indicative  of  the  actual  costs  but  it  is  felt  that  they  accurately  portray  the 
costs  on  a  relative  basis. 


-128- 


DEMONSTRATION  UNIT 


The  study  of  minimum  requirements  for  auxiliary  power  systems  would  have 
been  incomplete  without  experimental  testing  in  a  simulated  shelter  environment  to 
verify  the  general  specifications  for  design,  installation,  and  operation  which 
have  been  discussed  in  other  sections  of  this  report.  Consequently,  a  diesel 
engine-geneistor  set  of  20-^w  capacity  was  acquired  and  an  experimental  progr.;..; 
was  conducted.  Information  was  gained  from  this  experimental  program  which  was  not 
available  the  literattire.  More  severe  operating  conditions  were  imposed  on  the 
equipment  than  is  recommended  practice  for  the  usual  long-life  installations.  The 
main  emphasis  during  the  experimental  testing  program  was  on  the  effectiveness  of 
various  engine -cooling  techniques  and  on  minimum  room  ventilation  rates  required  to 
maintain  satisfactory  operating  temperatures. 

Prior  to  the  experimental  testing  program,  visits  were  made  to  Inspect 
several  local  installations  of  auxiliary  power  generators  and  to  obtain  information 
about  operational  experience.  One  visit  was  also  made  to  a  local  group  fallout 
shelter  facility  which  contains  a  100-kw  diesel-electric  power-plant  installation. 
The  unit  is  cooled  with  an  engine-mounted  radiator,  and  ventilation  air  for  both 
the  engine  room  and  the  cooling  system  is  unfiltered.  With  ’^his  system,  the  engine 
room  can  become  radioactively  contaminated,  but  personnel  are  not  expected  to  be 
required  to  service  the  engine  during  an  emergency  period.  Provisions  are  made  to 
add  oil  remotely  and  Co  automatically  maintain  the  oil  level  in  the  crankcase. 

The  jacket  water  is  maintained  at  120  F  by  an  immersion  heater  In  the  engine  block 
during  stand-by.  The  engine-generator  skid  is  Isolated  from  the  floor  by  vibration 
mounts;  and  the  engine  room  walls  are  treated  with  sound-absorbing  material  to 
reduce  the  noise  level  in  the  occupied  portion  of  the  shelter. 


Description  of  Equipment 


The  power  unit  selected  for  the  experimental  investigation  was  an  Allis- 
Chalmers  diesel  engine-generator  set.  It  Incorporated  a  35-bhp  (continuous  rating 
at  1800  rpm)  naturally  aspirated  diesel  engine  with  an  Onan  20-  to  35-kw  brushless 
generator  with  Class  B  Insulation.  The  unit  was  purchased  with  the  following 
auxiliary  equi^  jnt:  electric  starting  system,  voltmp‘-<»r  ammeter,  frequency 
meter,  hour  meter,  high-water-tesnperature  cutout,  lu.  pressure  cutout,  over¬ 
speed  cutout,  water -temperature  gage,  oil-pressure  gage,  muffler,  180  F  thermostat, 
block-immersion  heater,  oil  and  fuel  filters,  and  hand  priming  pump.  An  engine- 
driven  d.c.  generator  provided  power  for  charging  the  starting  batteries  and  for 
the  emergency  cutout  switches.  The  total  cost  of  this  equipment  was  $3,690  or 
$l85/kw  for  20-kw  operation. 

The  generator  output  was  connected  for  120/208-volt,  3-phase,  4-wire, 
60-cycle  use  and  wired  to  a  variable-resistance  load  bank.  The  Class  B  Insulation 
used  in  the  20-  to  3b-kw  Onan  generator  was  sufficient  for  continuous  35-kw  opera¬ 
tion  with  a  temperature  rise  of  80  C  (176  F)  at  a  normal  ambient  air  temperature 
of  40  C  (104  F) .  The  temperature  rise  was  only  50  C  (122  F)  at  20-kw  output  and 
40  C  (104  F)  ambient;  hence,  substantial  increases  in  ambient  air  temperatures 
could  be  tolerated  without  damage  to  the  generator. 
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Figure  58  gives  an  over-all  view  of  the  experimental  unit.  The  engine 
and  generator  are  rigidly  mounted  to  a  skid  and  the  controls  are  fastened  to  the 
generator  housing  and  back  panel  plate.  For  the  experimental  tests^  the  skid  was 
mounted  on  four  rubber  vibration-isolation  pads^  each  having  an  area  of  approxi¬ 
mately  13  square  Inches.  Since  the  unit  weighed  about  2^000  lb,  the  pad  pressuie 
distribution  was  about  35  psi. 


FIGURE  58.  DEIOJSTRATION  UNIT,  20-KW 
ENGINE -GENERATOR  SET 


Figure  59  gives  the  published  performance  curves  and  the  technical 
specifications  for  the  dleael  engine.  The  curves  are  corrected  for  sea-level 
conditions  of  60  F  ambient  air  temperature  and  29.92  inches  Hg  barometric  pressure. 

The  unit  was  supplied  with  the  same  radiator  normally  used  for  the  four¬ 
cycle,  226-cu  In.  gasoline  engine  ordinarily  used  to  drive  the  generator  at  its 
higher  rated  output  of  35  kw.  Therefore,  the  radiator  was  overslsed  for  the  175-cu 
In.  diesel  engine  which  developed  only  20  kw  from  the  same  generator.  This  extra 
capacity  was  advantageous  during  operation  with  minimum  engine  room  ventilation. 

Figure  60  shows  the  Battel le  underground  test  facility  used  for  the 
simulated  shelter  environment  which  was  originally  constructed  for  socket  research. 
It  has  a  floor  space  8  ft  8  in.  by  6  ft  4  In.  and  walls  7  ft  high.  All  sides  are 
of  poured  concrete  construction  8  in.  thick,  and  the  walls  and  ceiling  are  lined 
with  3-ln. -thick  oak  planks.  A  22-ft  entrance  hallway  adjoins  the  room  and  Is 
separated  from  it  by  a  door  and  sound-absorbing  duct  through  which  ventilation  air 
Is  passed.  The  entire  structure,  with  the  exception  of  the  opening  Into  the  hall¬ 
way  from  out Sid' ^  is  completely  covered  with  a  mound  of  earth  to  a  minimum  depth 
of  3  ft. 
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Engine  Power  Ratings 

A  MAXIMUM  LABORATORY  PERFORMANCE:  The  maximtim  power  the  engine  will  develop  for 
five  minutes  without  loss  in  speed.  Production  engines  will  deliver  maximum 
power  within  5  per  cent  of  values  shown. 

B  INTERMITTENT  DUTY:  This  represents  power  available  for  applications  having  varying 
loads  and  speeds  with  full  power  beiu^  required  for  short  periods. 

C  CONTINUOUS  DUTY:  This  represents  power  available  for  driving  sustained  full  loads 
for  24  hours  per  day  operatic  . 

ALTITUDE  AND  TEMPERATURE  RATINGS:  For  approximate  ratings,  deduct  from  the  intermit  teat 
or  continuous  rating  3  per  cent  per  1000  feet  above  1000  feet  altitude  and  1  per  cent 
per  10  degrees  above  60  degrees  F. 

Engine  Specifications 


Bore  and  stroke 
Number  of  <ylinders 
Piston  displacement 
Horsepower  (maximum) 
Crankcase  oil  capacity 
Radiator  and  block  capacity 
Net  weight  (including  fan) 
Compression  ratio 


3-9/16  \  4-3/8  inches 

4 

175  cubic  inches 
49 

5  qviarts 
16  quarts 
650  pounds 
15. 35:1 


FIGURE  59.  DIESEL  ENGINE  CHARACTER  I  ST  ICS 
ALL IS- CHALMERS  MODEL  D-1S7 
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Descrlptton  of  In3t rumentat ton 


Figure  61  shows  some  o£  the  instrumentation  and  accessories  used  to 
monitor  and  record  data  from  the  performance  tests.  Additional  parameters 
measured,  wiiich  are  not  indicated  on  the  figure,  include  oil-sump  temperature, 
ventilation-air  Inlet  and  discharge  temperatures,  vent i  1  it iori-ai r  flow  rate, 
generator  insulation  temperature,  generator  load,  fuel  rate,  jacket  water  flow 
rate,  and  room  wall  temperatures.  The  temperature  measurements  were  obtained 
using  Chrome 1 -A lumel,  1/8-in. -diameter,  metal-sheathed  thermocouples  which  were 
held  in  place  by  compression  fittings.  The  temperatures  were  recorded  on  a 
Leeds  and  Northrup  12-polnt  recorder  and  were  also  visually  observed  on  a  Brown 
48-point  indicator. 

Two  additional  cutoff  controls  were  added  to  tne  setup  for  greater 
safety.  A  manually  operated  shutoff  switch  was  installed  in  the  hallway  and 
wired  In  parallel  with  the  ^ ^her  safety  cutout  switches  for  closing  the  fuel 
solenoid  valve  when  actuated.  A  second  added  safety  control,  also  wired  to  the 
fuel  solenoid  valve,  was  a  thermoscat  to  sense  the  temperature  of  the  air  leaving 
the  generator  cooling  system.  This  safety  cutout  was  added  to  prevent  the  room 
air  temperature  from  reaching  excessive  levels  should  the  ventilation-air  blower 
stop  f  uncf  i ''.ling  during  long,  unattended  test  runs.  Its  location  near  the 
generator  was  chosen  to  assure  a  ccatinuous  air  flow  past  the  sensing  element. 

The  cutout  temperature  was  set  at  190  F.  Since  the  generator  cooling  air  tempera¬ 
ture  rose  15  F  above  ambient  at  20-kw  operation,  the  engine  would  be  automatically 
stopped  if  the  engine  room  ambient  air  temperature  exceeded  approximately  175  F. 
This  safety  control  was  not  necessary  when  the  radiator  was  engine  mounted  within 
the  room  because  then  the  liigh-water-temperature  cutout  would  stop  the  engine  if 
the  room  air  temperature  reached  excessive  levels.  However,  this  safety  control 
was  useful  when  the  cooling  system  was  Independent  of  engine  room  air  tempera¬ 
ture,  Such  as  would  be  the  case  with  an  outside  radiator,  a  water-to-water  heat 
exchanger,  or  an  ebullient  cooling  system. 

Exper  1  meiual  Operation 

The  te-sls  conducted  Uurlng  this  experimental  program  fall  generally 
into  the  following  categories: 

(1)  Basic  engine  nerf jr.mance 

(2)  Ventilation  system  effects 

(3)  Exhaust  ayfitem  effect.'; 

(4)  Maximum  p.)wec  performance 

(5)  Noise  and  vibration 

(6)  Exhaust  waste -heat  recovery 

(7)  Cooling  system  performance. 

The  basic  engine  performance  tests  wer.;  run  with  the  engine -generat  or 
set  installed  as  received  to  determine  the  ;  ignif  ic.vmt  operating  parameters  and 
their  relationship  to  the  manufacturer's  r,<itings  ard  specifications.  During  the 
ventilating  system  tests  the  (Quantity  of  the  onglne  roo.ii  vr'tilating  air  was 
varied  to  determine  the  effects  of  ventilation  on  engine  performance.  The  engine 
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room  ventilation  atr  was  circulated  either  by  the  engine-driven  fan  or  by  Inde¬ 
pendently  driven  ventilating  blowers.  The  amount  of  ventilation  air  circulated 
was  controlled  by  dampers. 

Two  long-duration  test  runs  were  made  to  establish  equilibrium  condi¬ 
tions  within  the  test  facility.  These  tests  were  conducted  to  obtain  an  average 
heat  balance  for  the  operating  engine  and  to  obtain  a  measure  of  the  heat  loss 
through  the  walls  of  the  simulated  shelter.  The  maximum-power  performance  tests 
were  made  by  adjusting  the  governor  externally  for  full  output  and  increasing 
the  load  until  the  engine  could  no  longer  maintain  1800  rpm  shaft  speed.  These 
tests  were  conducted  to  determine  the  effect  of  overloading  on  engine  operating 
temperatures . 

The  noise  and  vibration  tests  were  made  to  verify  the  adequacy  of  rela¬ 
tively  simple  control  techniques.  The  exhaust  waste-heat-recovery  tests  were  made 
in  conjunction  trith  the  waste-heat -recovery  study.  The  conduct  and  results  of 
these  tests  are  discussed  in  detail  in  the  waste-heat -recovery  section  of  the 
report . 


The  cooling  systems  evaluated  during  the  experimental  test  program  are: 
an  engine-mounted  radiator^  an  out  side -mounted  radiator,  a  water-to-water  heat 
exchanger,  and  a  vented  ebullient  cooling  system.  The  same  radiator  was  used  for 
both  internal  and  external  locations.  When  engine  mounted,  the  radiator  was  cooled 
with  a  six-bladed  pusher  fan  driven  by  the  engine  at  1.3  tines  the  engine  speed. 

The  normal  unrestricted  air  flow  rate  for  this  system  was  3600  cfm  at  rated  engine 
speed.  When  externally  located,  the  radiator  was  cooled  with  the  same  fan  driven 
by  a  2-hp  electric  motor  at  2600  rpm.  The  air  flow  rate  for  this  system  was 
estimated  to  be  approximately  3800  cfm.  The  outside  radiator  location  was  12  ft 
above  its  previous  location  on  the  engine  skid;  although  the  radiator  was  raised 
12  ft,  the  engine  water  pump  produced  sufficient  flow  through  the  radiator  so  that 
no  auxiliary  water  pump  was  needed. 

The  water-to-water  heat  exchanger  was  a  shell-and-tube-type  American 
Standard,  Model  7M301-2D-6,  and  it  was  properly  sized  for  the  diesel  engine  used. 

At  lull  generator  load  output  of  20  kv  the  water  flow  rate  through  the  heat 
exchanger,  using  city  water  at  60  F,  was  about  2  gpre.  The  cost  of  the  heat 
exchanger  was  $150. 

The  ebullient  cooling  system  -onsisted  of  a  20-gal  tank  used  as  a  reser¬ 
voir  and  steam  separator.  The  tank  was  located  above  ground.  The  steam  %mi8  vented 
to  the  atoirsphere,  and  make-up  water  was  8uppli-.}fd  to  the  tank  through  a  float- 
controlled  vale.  At  full  load  the  make-up  watei  i low  rate,  using  city  water  at 
60  F,  was  about  0.2  gpm.  The  discharge  line  from  the  engine  entered  the  steam 
separator  above  the  water  level  to  allow  a  more  r-spid  steam  separation. 

The  engine  fuel  used  during  most  of  these  tests  was  No.  2  diesel  oil; 
ho%iever,  an  alternative  fuel,  kerosene,  was  teated  In  the  engine  o  determine 
ita  effect  on  the  maximum  performance  capabilitiea  of  the  engine. 

The  tests  were  conuvj''ted  using  fairly  conventional  procedures.  Approxi¬ 
mately  15  to  30  minutes  was  found  to  be  necessary  for  stabilization  of  operation 
for  each  test  condition.  The  actual  time  was  dependent  upon  the  nature  of  the 
teat  and  the  previous  operating  condition.  After  stabilization,  data  were 
recorded  at  3-  to  5-mlnute  Intervals  for  periods  up  to  30  minutes,  again  depending 
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on  the  nature  of  the  teat.  Because  of  the  great  amount  of  data  obtained  during 
each  teat,  it  vas  possible  to  assess  the  reliability  of  the  test  and  justifiable 
to  ignore  Inconsistent  data  points  if  they  did  not  occur  often. 

The  vibration  of  the  unit  caused  two  failures  during  the  test  program, 
one  of  which  may  have  been  serious  had  it  occurred  in  a  shelter  under  emergency 
conditions.  One  failure  was  of  a  part  modified  by  the  local  distributor  and  the 
other  involved  a  generator  control  component  which  was  used  as  supplied  by  the 
manufacturer.  In  the  first  instance,  an  oil  fitting  vibrated  loose  and  allowed 
oil  to  drain  from  the  engine.  This  failure  emphasized  the  need  for  a  low-oil- 
pressure  cutout  provlsio:i  even  though  on  the  demonstration  unit  the  failure  was 
detected  before  the  engine  was  automatically  stopped.  The  second  failure  was  a 
broken  wire  in  the  generator  control  box  caused  by  fatigue  due  to  vibration  after 
only  30  hr  of  running.  The  failure,  which  caused  the  loss  of  one  phase  of  the 
three-phase  output,  could  have  been  prevented  by  more  adequate  support  of  the 
wires  in  the  control  box.  In  an  emergency  it  is  doubtful  that  repairs  could  have 
been  made. 


A  utarting  proble.!!  occurred  t^ich  was  very  simple  but  which,  under  the 
stress  of  an  emergency,  might  cause  considerable  difficulty.  On  several  occasions 
attempts  were  made  to  start  the  engine  without  resecting  the  fuel  cutoff  switch 
because  it  was  located  out  of  view  on  the  lowe^r  left  side  of  Che  engine.  A 
better  location  for  this  switch  trould  ''e  on  the  instrument  panel  adjacent  to  Che 
starting  switch.  The  need  for  "foolproof*'  starting  procedures,  controls,  and 
interlocks  cannot  be  overemphasized. 

These  failure  experiences  could  be  indicative  of  the  need  for  a  "shake- 
down"  run  of  50  to  100  hr  immediately  after  installation  to  uncover  potential 
failures  due  to  faulty  manufacturing,  assembly,  or  installation  work.  Also  it  is 
recooBsended  chat  all  of  the  auxiliary  equipment  chat  does  not  have  to  be  mounted 
on  the  engine -gene I at or  set  be  mounted  separately  to  reduce  the  danger  of  vibration- 
induced  fa.,  lures. 


Experimental  Results 


The  results  of  the  engine-generator  set  performance  tests  generally 
substantiated  the  manufacturers’  claims  and  confirmed  the  performance  predictions 
obtained  from  the  literature.  Essentially  the  same  amount  of  heat  was  rejected 
from  the  engine  to  the  cooling  system  regardless  of  the  cooling  technique  used. 
Engine  room  ventilation  had  a  algnlf leant  influence  on  engine  performance  uhen 
Cha  engine -mounted  radiator  cooling  aystea  was  used. 

Ac  equilibrium  operating  conditions  about  13  per  cent  of  the  total  heat 
rejected  from  the  engine-generator  set  was  transferred  through  the  walla  and 
celling  of  the  enoloeure  and  to  the  surrounding  earth.  On  No.  2  dleael  oil  the 
estgioe  developed  a  maximum  power  output  equivalent  to  the  manufacturer's  liiter- 
milCcnt  duty  rating.  On  kerosene  the  maximum  power  output  was  abewt  3  per  cent 
lower. 


The  tnforamtion  developed  during  the  experimental  program  indicates 
Chat  conventlocM  1  prime  aovera  can  be  expected  to  perform  satisfactorily  in  a 
ahalCer  envlrooa«nt  If  conventional  Installation  practices  are  followed.  The 


results  also  show  that  full-load  engine  performance  may  be  difficult  to  achieve 
with  an  engine -mounted  radiator  because  of  the  large  quantity  of  engine  room 
ventilating  air  required. 


Basic  Engine  Performance 


Figure  62  shows  the  fuel  consumption  for  the  engine-generator  set  as  a 
function  of  load.  The  scatter  in  the  data  reflects  the  influence  of  variations 
in  combustion-air  inlet  temperatures,  Jacket -water  and  lubricating-oil  temperatures, 
etc.  n;e  speed  of  the  engine  was  maintained  at  1800  rpra  (60  cps),  the  intake  air 
temperature  was  105  F,  and  the  barometric  pressure  was  29.2  inches  Hg.  The 
specific  fuel  consumption  at  20  kw,  when  converted  to  pounds  per  bhp-hr  and 
corrected  to  sea-level  conditions,  compares  very  favorably  with  the  published 
performance  curve  shown  in  Figure  59. 

Figure  63  is  a  plot  of  exhaust  gas  temperatures  as  a  function  of  load. 

A  range  of  temperatures  is  shown  rather  than  a  single  curve  to  illustrate  the 
Influence  of  variations  in  intake-air  temperature,  barometric  pressure,  jacket- 
water  and  lubricaclng-oil  temperature,  speed-  and  load-setting  inaccuracies,  etc. 

The  exhaust  gas  temperature  increased  with  an  Increase  in  intake-air  temperature 
with  a  10  F  Increase  in  intake  temperature  causing  approximately  a  20  F  increase 
in  exhaust  temperature. 

Figure  64  shows  the  rapidity  with  which  exhaust  temperatures  reach 
equilibrium  with  a  change  in  load  setting  and  gives  an  indication  of  thermal 
shocks  that  must  be  withstood  by  the  exhaust  system.  The  ex! acst  system  for 
these  tests  consisted  of  25  ft  of  ilexible  2-1/2-in. -dlametei  tubing  and  a 
muffler.  The  muffler  wa.^;  located  outside  the  shelter.  The  total  exhaust  system 
pressure  loss  was  15  in.  of  water,  two-thirds  of  which  occurred  in  the  muffler. 


Cooling  System  Performance 


Figure  65  shows  the  actual  amixint  of  heat  removed  bv  the  Jacket-water 
cooling  systems  compared  with  the  heat  equivalent  of  the  engine  shaft  fower. 

The  scatter  of  these  data  reflects  the  influence  of  variations  in  combustion- 
air  inlet  temperatures,  jacket -water  and  lubricating-oil  tempi»rature8,  etc. 

These  data  show  that  all  four  of  the  cooling  systems  tested  were  capable  of 
satisfactorily  cooling  the  engine  under  conditions  of  adequate  engine  room  venti¬ 
lation  and  adequate  make-up  water. 

Heat -exchanger  effectiveness  was  calculated  for  the  air-cooled  radiator 
and  for  the  water-to-water  heat  exchanger  using  experimental  data.  The  heat- 
exchanger  effectiveness  is  defined  as  the  rat'o  of  the  actual  heat  transferred  to 
the  maximum  rate  theoretically  possible.  Tnc  f ect Iveneas  of  the  air-cooled 
radiator  was  calculated  as  25  per  cent  and  that  of  the  water-to-water  heat 
exchanger  as  85  per  cent.  The  signlllcatKe  of  these  values  is  readily  reallied 
when  the  physical  size  of  an  air-cooled  radiator  iS  compared  with  that  of  a  water 
cooled  heat  exchanger  for  the  same  engine.  For  the  20-kw  experimental  unit,  thi> 
radiator  was  about  20  in.  wide,  24  in.  high,  and  2-1/2  in.  deep  while  the  water- 
cooled  heat  exchanger  was  only  3  in.  in  diameter  and  lo  In.  long. 
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During  the  ebullient  cooling  siystem  studies  the  water  Inlet  temperature 
at  the  engine  pump  was  lalrly  constant  at  205  F  and  the  outlet  temperature  at 
220  F.  The  separator  tank  was  12  ft  above  the  engine;  hence^  the  superheated 
water  did  not  boll  until  It  reached  a  height  In  the  discharge  line  where  the 
saturation  pressure  corresponded  to  a  boiling  temperature  of  220  F.  This  occurred 
at  a  height  of  about  6  ft  above  the  engine.  Therefore,  to  prevent  boiling  within 
an  engine  having  a  water-discharge  temperature  of  220  F,  the  steam  separator 
should  be  located  at  I«^aat  6  ft  above  the  engine  If  the  reservoir  is  at  atmospheric 
pressure.  A  sllt^htly  pressurized  discharge  line  could  be  used  If  It  is  Impractical 
to  achieve  vertical  height,  particularly  If  it  Is  necessary  to  mount  the  steam 
separator  within  the  engine  room.  A  partially  closed  valve  or  orifice  In  the 
outlet  line  would  accomplish  the  same  effect;  however,  a  booster  pump  may  be 
neceasary  under  these  conditions  to  assist  the  engine  water  pump  in  creating  the 
pressure  and  flow  conditions. 

The  thermostat  was  removed  from  the  discharge  line  for  these  tests  as  It 
would  have  been  a  restriction.  The  engine  warmed  up  quite  rapidly  iA»en  an  ebul¬ 
lient  cooling  syatenB  was  used.  During  the  ebullient  cooling  system  tests  the 
water  flow  rate  was  fairly  constant  at  13  gpm,  and  the  oil  temperature  did  not 
exceed  240  F.  The  make-up  water  rate  was  11,9  gal  per  hr  for  20 -kw  operation, 
and  the  heat  Ir’sa  amounted  to  1200  Btu  per  min. 


Ventilation  System  Effects 


A  series  of  tests  was  performed  using  various  quantities  of  ventilating 
alt  to  determine  the  effect  of  engine  room  ventilation  on  engine -general or  bet 
performance.  In  these  tests  the  radiator  was  mounted  on  the  engine.  For  one 
test  iu  this  series  the  engine  room  was  completely  closed  off  and  no  ventilating 
air  auppllad.  Following  this  test,  a  series  of  tests  were  conducted  In  which  the 
engine  room  ventilating  air  was  controlled  to  provide  an  ambient  temperature  range 
of  from  80  to  143  F  with  unrestricted  air  flow  through  the  engine  radiator.  A 
final  teat  was  conducted  with  the  radiator  air  discharged  through  a  duct  to  the 
outside.  For  this  test  the  air  flow  through  the  radiator  was  only  about  half  Its 
normal  unrestricted  value. 

Figure  66  shows  how  rapidly  temperatures  rise  with  an  engine  operating 
In  an  encloaed  space  «d.th  no  outside  ventilation  air  supply.  The  engine  far. 
continually  recirculated  engine  room  air  through  the  engine -mounted  radiator.  No 
thermostat  was  used  In  the  engine  for  this  test.  After  the  engine  was  warmed  up 
to  the  temperatures  shown  at  zero  time,  a  load  of  15  kw  was  applied  to  the  generator. 
Within  only  14  minutes  the  room  air  temperature  reached  142  F,  the  Jacket -water 
outlet  temperature  was  215  F,  and  the  oil  temperature  had  reached  200  F.  The  load 
was  removed  when  the  water  temperature  reached  215  F.  Otherwise  ’'he  water-temperature 
cutoff  switch  would  have  stopped  the  engine.  With  normal  ventilation,  oil  tempera¬ 
ture  generally  runs  20  to  25  F  higher  than  water  temperature.  The  curves  give  no 
indication  that  equilibrium  conditions  were  reached  at  the  time  of  load  removal. 

For  comparison,  a  similar  test  was  conducted  with  no  ventilation  and  a 
load  of  only  ^  kw  Imposed.  However,  a  180  F  thermostat  had  been  Installed,  so  the 
water  temperature  was  Initially  up  to  HO  F.  The  load  was  disconnected  after  100 
mlnutea  of  running,  at  «dilch  time  the  room  air  temperature  was  150  F,  the  water - 
outlet  temperature  was  200  F,  and  the  oil-sump  temperature  was  225  F.  The  test 
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wa8  concluded  because  of  the  higher  room  temperature.  Another  similar  test  was 
conducted  using  approximately  19C9  cfm  of  outside  ventilation  air  at  62  F  and  a 
load  of  20  kw.  This  test  was  stopped  after  36  minutes  vhen  the  water  temperature 
a  j«tln  reached  215  F.  The  oil-sump  temperature  was  then  222  F  and  the  ventilation 
alr-dlscharge  temperature  was  121  F. 

Figure  67  shows  the  effect  of  engine  room  temperature  on  maximum  power 
output  of  the  demonstration  unit.  For  these  tests  the  engine  room  ventilation 
air  flow  was  provided  by  a  separate  blower  and  the  engine  radiator  air  flow  was 
unrestricted.  For  a  given  boiling  temperature  limitation,  depending  on  the 
radiator  pressure  cap,  maximum  values  of  generator  load  and  engine  room  air 
tea^Nsrature  were  established.  Under  these  conditions  full-load  output  (20  kw) 

IMS  obtained  with  193  F  Jacket -water  temperature  and  95  F  engine  room  temperature. 

When  the  air  flow  through  the  radiator  was  reduced  to  1800  cfm  from  the 
norsial  flow  rate  of  3600  cfm,  the  engine -generator  set  was  able  to  develop  only 
about  two-thirds  of  full  load,  at  90  F  engine  room  temperature  and  195  f  jacket- 
water  outlet  temperature.  The  restriction  to  radiator  air  flow  was  provided  by 
20  ft  of  l2-ln. -diameter  ducting. 


Exhaust  System  Effects 


Two  test  runs  at  full  load  were  conducted  to  determine  the  effect  of 
inaulatlng  the  exhaust  system  on  the  distribution  of  heat  losses  from  the  engine. 
The  radiator  %fas  mounted  outside  for  these  tests  to  reduce  the  room  ventilation 
air  requirements.  The  first  test  run,  lasting  about  51  hours,  was  conducted  with 
no  insulation  on  the  exhaust  manifold  and  tubing  (flexible  tubing  about  8  ft  In 
length  Inside  the  room).  The  second  test  run,  lasting  about  42  hours,  was  conducted 
with  a  I  Inch  thickness  of  high -temperature  Insulation  covering  the  exhaust  mani¬ 
fold  and  tubing. 

Table  12  shows  the  approximate  heat  balances  resulting  from  these  tests. 

A  comparison  of  the  data  shows  chat  insulating  the  exhaust  system,  a  relatively 
alpqple  and  Inaxpenalve  operation,  can  provide  useful  reduction  In  heat  losses  to 
Che  Jacket-water  cooling  system,  to  the  ventilating  air,  and  to  the  walls  uhlch 
would  be  ultimately  reflected  by  reduced  heat-sink  requirements. 

The  data  presented  In  Table  12  cannot  be  considered  steady-state  data 
because  of  the  short  duration  of  the  tests  relative  to  the  anticipated  two-week 
occupancy  period. 


Noise  and  Vibration 


The  sound  and  vibration  measuremenrs  were  mode  %ilth  the  demons  t  rat  ion 
unit  operating  In  the  underground  test  facility  at  Battelle.  Several  means  fur 
reducing  the  noise  level  In  the  simulated  ''occupied^*  space  were  experimentally 
tested  and  evaluated.  Although  not  originally  designed  and  conatructed  as  a 
elmuUted  protective  shelter,  the  underground  test  facility  did  provide  an 
environment  suitable  for  the  noise  and  vibration  tests. 
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FIGURE  67. 
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TABLE  12.  APPROXimTE  HEAT  BALANCES  FOR  FULL-LOAD 
EXHAUST -SYSTEM  INSUUTION  TESTS 


Quantity 

Uninsulated 
Exhaust  System 

Insulated 
Exhauat  System 

Heat 

in 

fuel,  Btu  per  min 

4,580 

4,575 

Heat 

to 

load,  per  cent 

25 

25 

Heat 

to 

outside  radiator,  per  cent 

35 

34 

Heat 

to 

exhauat,  per  cent 

21 

24 

Heat 

to  ventilating  air,  per  cent 

10 

9 

Heat 

to 

walls,  per  cent 

9 

8 

Total 

.,  per  cent 

100 

100 

In  Figure  60  «  cut«%niy  drawing  of  Che  BaCCelle  underground  teat  facility 
and  Che  20-kv  denonscraclon  unit  was  ahoim.  Also  shown  In  Che  drawing  were  Che 
aboveground  radiator  cooling  syatem,  Che  engine  roooa  ventilation  blower  and 
axhauaC  duct,  a  "sound  trap"  ventllatloa  air  Inlet  duct,  the  engine  rooa  door, 
and  Che  slaulaCed  "occupied"  space. 

Figure  68  shows  the  noise  criteria  curves  presented  in  Figure  57  with 
experlaanCal  data  from  the  denonatratlon  unit  sound  measurements  superimposed. 

From  the  plot  of  sound  measurement  data  which  was  made  in  the  occupied  space  of 
the  underground  facility  with  the  engine  running  at  rated  load  and  speed,  with  no 
sound -absorbing  treatment,  It  can  be  seen  that  the  noise  level  was  far  above  chat 
which  would  be  tolerated  by  humans  under  normal  circumstances.  The  NCA  rating  of 
a  glvrn  noise  Is  established  by  the  auad>er  of  the  Ic^st  curve  tangent  to  the  top 
of  the  sHiasured  noise  spectrum  curve.  Thus,  for  the  untreated  underground  facility, 
the  angina  produced  an  NCA  rating  of  nearly  75.  If  this  rating  Is  compared  with 
the  recommended  rating  of  NCA  55,  it  can  be  seen  that  this  noise  would  not  be 
acceptable  for  continuous  occupancy. 

A  small-scale  program  was  Initiated  to  reduce  the  noise  in  the  occupied 
space  of  the  shelter.  The  first  need  was  for  a  closed  door  between  the  engine 
room  and  the  occupied  space.  Air  flow  between  the  two  areas  was  necessary  for 
engloa  room  ventilation,  so  a  commercial  "sound  trap"  duct  %nis  Installed  In  the 
transom  over  the  door.  A  refrlgerator-typc  rubber  door  seal  was  Installed  to 
seal  all  four  edges  of  the  door.  All  cracks  between  the  sound  trap  and  the  wells 
and  door  frame  were  caulked  so  that  the  areas  were  essentially  pressure  Isolated 
except  for  the  sound  trap.  The  "sound  trap"  duct  was  lined  with  sound -absorbing 
materials  and  had  a  rslatlvely  small  cross -se:;Cloaal  open  tree.  Its  noise  reduction 
effectiveness  wes  about  ths  sems  as  thet  of  the  door,  a  solid-wooden-core,  flush- 
type,  1-3/4-lnch-thlck  outside  bouse  door. 
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FIGURE  68.  ALTERNATE  NOISE  CRITERLA  (NCA)  CURVES  SHOWING 
NOISE  REDUCTION  IN  DEMONSTRATION  SHELTER 


TheBe  provisions  brought  all  but  the  low  frequencies  down  below  the  NCA 
60  curve,  as  is  shown  by  the  solid  line  in  Figure  68,  and  greatly  reduced  the 
harshness  of  the  noise.  To  reduce  the  fairly  high  noise  peak,  at  120  cps,  a  simple 
HelniiDltt  resonator  was  constructed  from  a  20-gal  container  and  a  shuct  section  of 


-147- 


duct  Joined  to  the  engine  room  end  of  the  sound  trap  duct.  After  the  resonator 
voluae  was  adjusted  for  maxlisuQ  cancellation  of  the  120-cps  peak  by  adding  water 
to  the  container,  the  full  noise  spectrum  In  the  occupied  space  was  below  the 
NCA  60  curve,  as  shown  in  Figure  68  by  the  dotted  line. 

Although  this  rinal  sound  spectrum  f  'ceded  the  recommended  NCA  35 
rating,  it  is  believed  that  the  type  of  noise-reduction  treatment  used  in  the 
Battelle  facility  would  be  adequate  for  fallout  shelters.  This  same  amount  of 
sound  power  represented  by  an  NCA  rating  of  60  in  the  simulated  occupied  space 
would  probably  yield  an  NCA  rating  of  55  or  less  in  any  reasonable  sized  shelter 
living  area  because  of  the  greater  sound  absorpwion  in  larger  occupied  enclosures. 

Vibration  aaasuraments  indicated  that  in  an  underground  concrete 
enclosure  vibration  from  the  prisw  mover  will  not  be  directly  annoying  to  people. 
The  vibration  levels  «iere  well  below  annoyance  levels  even  with  the  engine- 
generatn:  skid  resting  solidly  on  the  floor.  Anchor  bolts  were  not  used  with 
either  solid  mounting  or  vibration-pad  mounting.  However,  no  movement  of  the 
skid  relative  to  the  floor  %nis  observed.  When  vibration  pads  were  used  the  set 
vibrated  much  more  than  when  it  was  directly  in  contact  with  the  floor.  This 
vibration  could  cause  a  reliability  problem  with  the  engine,  generator,  or  other 
cosqjonents.  Peak  accelerations  up  to  6  G's  were  measured  on  the  control  box  of 
the  engine -generator  set  and  an  electric  wire  broke  after  only  50  hours  of  running. 
This  type  of  vibration  problem  is  related  more  to  the  general  quality  of  manu¬ 
facture  than  to  any  precautions  the  shelter  designer  could  take. 


Other  Test  Results 


Maxiaum  power  tests  performed  in  the  laboratory  revealed  that  the  maxi- 
saim  power  capability  of  the  engine  as  delivered  ims  40  corrected  bhp  at  1800  rpm. 
This  power  output  is  equivalent  to  the  Intermittent  power  r«ting  of  the  engine  as 
shown  in  Figure  59.  The  maximum  laboratory  performance  power  rating  of  45  corrected 
bph  at  1800  rpm,  also  shown  in  Figure  59,  could  not  be  obtained  in  our  tests. 
Therefore,  it  is  assumed  that  the  sMnufacturer  specifically  prevents  excessive 
power  operation  by  limiting  the  fuel  pump  and  governor  control  settings.  Internal 
raadjuatment  of  the  fuel  piaH>  and  governor  would  probably  result  in  the  45  hp 
capability. 

Keroeene  was  tested  in  the  engine  es  an  alternative  fuel  The  engine 
can  very  well  using  kerosene  but  was  unable  to  deliver  the  same  maximum  power  as 
with  No.  2  diesel  oil.  Althou^  the  heating  value  of  kerodenc  is  slightly  highe. 
on  a  weight  basis  than  No.  2  diesel  oil,  on  a  volume  basis  it  is  slightly  lower. 
Therefore,  with  a  constant  displacement  fuel  pump  the  total  heat  added  to  the 
engine  as  fuel  is  lower  using  kerosene.  The  maximum  theft  pv  .:r  etteined  using 
keroeene  wae  39.0  hp  corrected  to  etendard  conditiooe.  This  represents  e  reduction 
in  maximum  horsepower  output  of  3  per  cent. 
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